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1 Introduction
For studying phase relations of a material by computer calculations, a thermodynamic database
is necessary. A CALPHAD-type thermodynamic database consists of Gibbs-energy descriptions
for each phase in stable and metastable regions, which are defined for composition, temperature
and/or pressure. Parameters of the Gibbs-energy expression can be found using thermodynamic
properties, which can be obtained from calorimetry or activity measurements, as well as from
phase diagram information, such as temperatures of phase transitions or homogeneity ranges.
A basic quantity for Gibbs-energy modelling is the heat capacity cp of a substance. If cp is not
known, it must be estimated to derive a reliable Gibbs-energy description. Since the SGTE
(Scientific Group Thermodata Europe) unary database was published [1], the Neumann-Kopp
approach has been used to estimate unknown thermodynamic properties of a substance. The
Neuman-Kopp approach is easy to use and can be applied to all materials. However, it has
some drawbacks concerning the physical meaning of an estimated heat capacity. Owing to the
fact that the cp function of a compound is based on the cp of its elements, it will also show
the change of cp related to phase transitions, e.g. melting, of that elements [2]. The trend
of such cp function with temperature of the compound could be interpreted as a second order
transition.
One aim of this work is to find a more general approach to estimate the heat capacity of
a material based on thermophysical properties that are easily available. In contrast to DFT
calculations, such approach should also take short computing time. Instead of the usually used
Neumann-Kopp approach, the heat capacity function of a compound should be independent
from the cp of its elements. In addition, a more general approach should give a reliable estimate
of heat capacity beyond the region of stability of a regarded material to obtain a proper Gibbs-
energy description. An algorithm fulfilling the above mentioned points is presented, which
estimates the thermophysical properties heat capacity, volume and bulk modulus from T = 0 K
up to a desired higher temperature. On a standard desktop computer, the calculations up to
T = 2000 K take only a few minutes, which shows that the presented approach can be used as
daily tool within a CALPHAD-type assessment.
As mentioned above, phase diagram information are used to find a Gibbs-energy description
of a system that allows to reliable extrapolate into non-investigated regions of the phase diagram
or into higher-order systems. In case of the Al-Fe system, the reported liquidus and solidus
temperatures in the composition range of the intermetallic phases differ up to 20 K between
different studies [3]. Only the homogeneity range of ε (Fe5Al8) was studied in detail and
information on the solubility of Al and Fe in the intermetallics ζ (FeAl2), η (Fe2Al5) and
θ (Fe4Al13) were only tentative [3] until further studies were reported recently by Han et
al. (2016) [4] and by Li et al. (2016) [5]. With the focus to obtain a better thermodynamic
description of the Al-Fe system, the phase relations of the Al-rich section of the phase diagram
were studied and the heat capacity of the Al-Fe intermetallics were measured in the temperature
range between 120 K and the respective melting points.
1
1 Introduction
The phase diagram data of the Al-Fe system and the measured heat capacity of its inter-
metallics obtained in the present work is used to derive a new thermodynamic description of
the Al-Fe system. The temperatures of melting and solidification of the Al-Fe intermetallics
are important to understand the phase relations observed in solidifying melts of A356 alloys.
Such Al-alloys basically consist of the elements Al, Fe, Mg and Si. Based on literature data, a
thermodynamic description of the Al-rich side of the Al-Fe-Mg-Si system is derived.
The present work was done as part of the project CRC 920 “Multi-Functional Filters for
Metal Melt Filtration - A Contribution towards Zero Defect Materials” with the aim to improve
metal melt filtration. The derived thermodynamic dataset is used here to interprete measured
DTA signals of melting and solidifying and the corresponding microstructure of an A356-alloy
sample, which is one of the sample alloys of the CRC 920. Besides experimental studies, it
is shown that thermodynamic calculations are an important tool for characterising samples of
interest.
2
2 Theory
2.1 Heat capacity
The heat capacity at constant pressure cp of several elements at room temperature was measured
by Petit and Dulong (1819) [6]. It was found that the molar heat capacities equal a constant
value that was later identified as 3R, where R is the gas constant. This observation is referred
to as the Dulong-Petit law. With more data on measured heat capacities of materials, e.g. [7],
it was found that not all materials obey the Dulong-Petit law and that the heat capacity is a
function of temperature that approaches zero at T = 0 K. The observed trend of heat capacity
was explained in terms of quantum mechanics by Einstein (1907) [8]. He proposed that each
atom is a quantum harmonic oscillator having the same frequency νE. The molar heat capacity
at constant volume cV can then be expressed as
cV = E(ΘE) = 3NAkB ·
(
ΘE
T
)2
e
ΘE
T(
e
ΘE
T − 1
)2 , (2.1)
with the Einstein temperature ΘE = hνE/kB where h is the Plank constant. With that, cV is
approaching zero at T = 0 K and 3R at T >> ΘE. Einstein’s expression gives an explanation
for the temperature dependence of heat capacity, which is the quantum nature of heat storage as
vibrations of the crystal lattice (phonon vibrations). However, it quantitavely fails to reproduce
low temperature heat capacity values. In a modified approach, Debye (1912) [9] showed that
the atoms can not be treated as coupled oscillators. He stated that for N atoms there are
3N independent harmonic oscillators, each with its own frequency. For a homogeneous elastic
medium, the number of frequencies of the standing waves are expressed by
g(ν) dν =
4piV ν2
v3
dν , (2.2)
with the crystal volume V and the propagation velocity of the wave v. Debye’s expression
is valid for all possible frequencies and, therefore, he introduced a maximum frequency - the
Debye frequency νD - that there are 3N modes in total according to∫ νD
0
g(ν) dν = 3N . (2.3)
The Debye temperature ΘD is defined in the same way as ΘE to ΘD = hνD/kB. With it, Debye
found the following expression for cV
cV = D(ΘD) = 9NAkB ·
(
T
ΘD
)3
·
∫ ΘD/T
0
x4ex
(ex − 1)2 dx . (2.4)
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He stated that at low temperatures (T << ΘD), cV is proportional to T
3 and it holds
cV
c∞
=
4pi4
5
· T
3
Θ3D
, (2.5)
where c∞ = 3NAkB is the Dulong-Petit value of maximum heat capacity. Within the temper-
ature range where the T 3 proportionality is obeyed, the characteristic temperature ΘD can be
determined by
ΘD =
3
√
4pi4
5
c∞
cV
· T. (2.6)
Debye gave a second way to calculate the Debye temperature based on the elastic constants of
the material by
ΘD =
h
kB
· 3
√
9NA
4pi
· 3
√
1
M
·
√
B · 6
√
1
ρ
· 3
√
1
f(ν)
, (2.7)
with molar mass M , bulk modulus B and density ρ. The term f(ν) is a function of the Poisson
number
f(ν) = 2
(
2
3
· 1 + ν
1− 2ν
) 3
2
+
(
1 + ν
3(1− ν)
) 3
2
. (2.8)
The Debye temperature is a characteristic property of crystalline materials. Several methods
were developed to determine or estimate it, which will be discussed in more detail in section
2.1.1.
Using thermodynamic relations, the heat capacity at constant pressure cp can be expressed
by
cp = cV + α
2
V · V ·B · T , (2.9)
with the volumetric thermal expansion coefficent αV , the molar volume V and temperature
T . The heat capacity at constant volume cV can be calculated based on phonon vibrations as
shown above. In a real systen, the volume can change, e.g. by a change in temperature, and
therefore, the phonon vibrations change. This change of phonon dynamics was first expressed
by Gru¨neisen (1908) [10] formulated as γ - the Gru¨neisen parameter - in [11] and it is used to
derive several equations of state, e.g. in [12]:
γ =
αV · V
B0 · cV . (2.10)
From basic physics, it also follows a correlation between the thermal expansion and the heat
capacity of a solid material. The thermal expansion originates from the asymmetric atomic
potential. The more the thermal energy of an atom is increasing, the more it will vibrate and
the more the mean atomic distance will increase. From that, it can be concluded that α is
proportional to ∂H/∂T , where H is the enthalpy, which means that αV is correlated with heat
capacity as cp = (∂H/∂T)p.
A correlation between αV and cp was first described by Gru¨neisen (1908) [13] and (1910)
[14] where he found that αV/cp is approximately constant, determined from values at ambient
temperature (which is in principle true for T < ΘD). It was shown by Chang (1966) [15]
that if α/αD is plotted over T/ΘD, where αD is the thermal expansion coefficient at the Debye
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Figure 2.1: Correlation between αV and Tm as reported by Carnelley (1879) [17].
temperature, a uniform curve for all elements can be derived. With knowledge of α at one
temperature and the Debye temperature, it is possible to calculate the trend of the thermal
expansion coefficient from T = 0 K up to high temperatures far above ΘD. In a similar work,
Garai (2006) [16] showed that αV ∝ cV between T = 0 K and ΘD in case of several metallic
elements.
As discussed above, αV is an important parameter for the calculation of cp using equation
(2.9) and therefore some relations for the estimation of it will be outlined next. A correlation
between αV and the melting temperature Tm was first reported by Carnelley (1879) [17]. He
showed that the thermal expansion coefficient at ambient temperature becomes smaller the
more the melting temperature is increasing as it is shown in figure 2.1. This relation was
formulated quantitatively by Wiebe (1880) [18], Wiebe (1906) [19] and later by Hidnert and
Souder (1950) [20] as
αV =
0.02
Tm
for T ≈ 298 K. (2.11)
2.1.1 Debye Temperature ΘD
A simplified approach of the determination of the Debye temperature ΘD was proposed by
Anderson (1963) [21]. The Debye temperature is proportional to the average sound velocity vm
of a material.
ΘD =
h
kB
·
[
3qNAρ
4piM
] 1
3
· vm , (2.12)
where q is the number of atoms in the formula unit. It should be mentioned that the calculated
values using this equation are mathematically equivalent to the ones using Debye’s formula
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(equation (2.7)). For an isotropic material the average sound velocity can be expressed as
vm =
(
1
3
·
[
2
v3s
+
1
v3l
])− 1
3
, (2.13)
where vs and vl are the shear and longitudinal sound velocities, respectively. These sound ve-
locities can be calculated approximately using the isotropic shear modulus G and bulk modulus
B of a polycrystalline material. In the method explained by Anderson, the Hill averages [22]
of the isotropic moduli were used (GH and BH). The shear and longitudinal sound velocities
are then calculated by
vs =
√
GH
ρ
, and (2.14)
vl =
√
BH +
4
3GH
ρ
. (2.15)
Moruzzi et al. (1988) [23] gave an empirical expression for the calculation of the Debye
temperature by finding a new relation for the average sound velocity. The average sound
velocity was defined as
vm = 0.617 ·
[
B
ρ
]1/2
. (2.16)
The Debye temperature is then calculated by
(ΘD)0 = 41.63 ·
[
r ·B
M
]1/2
, (2.17)
with r the Wigner-Seitz radius in a.u. and B in kbar. The Wigner-Seitz radius is the radius of
a sphere whose volume is equal to the mean volume per atom in a solid, which is defined [24]
by the relation
4
3
pir3 =
V
N
=
M
ρ
, (2.18)
where N is the number of particles in the volume V . Therefore, (ΘD)0 is the Debye temperature
evaluated at r = r0.
Jasiukiewicz and Karpus (2003) [25] mentioned that the Debye temperature Θic can be esti-
mated within the isotropic continuum approximation, which is equivalent to the one expressed
by equation 2.12. This approximation is correct for cubic crystals where the elastic constans
fulfil the requirement C11−C12−2C44 = 0. For arbitary cubic crystals, the Debye temperatures
calculated within the isotropic continuum approximation must be corrected using an anisotropy
factor by
Θ3D = F (p1, p2) ·Θ3ic , (2.19)
with
p1 =
C11 − C44
C11 + 2C44
, p2 =
C12
C44
(2.20)
and the anisotropy factor F (p1, p2) as shown in figure 2.2.
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Figure 2.2: Contour map of the anisotropy factor F (p1, p2) as presented by Jasiukiewicz and
Karpus (2003) [25].
The approaches to estimate the Debye temperature, which were mentioned so far, are based
on the elastic constants of the material in question. An alternative route is to find ΘD on the
basis of measured heat capacity values. An empiric definition of the Debye temperature was
given by Grimvall and Sjo¨din (1974) [26]. According to their work, ΘD is found when
D(ΘD) = 0.5 · 3R = cp (2.21)
is fulfilled, where cp is the measured heat capacity. It was mentioned that the choice of this
definition is somewhat arbitary, but “it gives a good average over the total vibrational spectrum,
and at the same time allows the electronic and the anharmonic contributions to the heat
capacity to be neglected” [26].
A similar possibility, to find the Debye temperature, is based on fitting equation (2.4) to
experimental cp data in a temperature range were cp ≈ cV using ΘD as only fitting parameter.
If elastic constants at zero Kelvin are used to calculate the Debye temperature, it will be
denoted as ΘD,0 in this work. If not otherwise mentioned, the fitted Debye temperature will
be used in this work and it will be referred to as calorimetric Debye temperature.
The different Debye temperatures are summarised in table 2.1.
2.1.2 Analytical expressions for heat capacity
Kelley and King (1961) [27] showed that the cV of polyatomic substances can be expressed by a
sum of the Debye function and Einstein equations for entropy extrapolations for temperatures
between 0 and 298.15 K. It was suggested to calculate cV with the Debye function D(ΘD)
(equation (2.4)) at temperatures below ≈ 50 K. Additional cV contributions related to degrees
of freedom of polyatomic crystals, which are not accounted by the Debye function, can be
7
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Table 2.1: Different Debye temperatures used in the present work.
Symbol Symbol according meaning and usage
to literature
ΘD general Debye temperature, used as variable
in equation (2.4) to calculate cV
ΘD,0 calculated Debye temperature, based on the
elastic constants according to equations (2.7) and (2.12)
ΘD(−3) [24] the low temperature limit of the Debye temperature
within the field of harmonic lattice dynamics
(ΘD)0 calculated Debye temperature based on first-principles
energy-band results evaluated at r = r0; equation (2.17)
ΘD,fit calorimetric Debye temperature, obtained from
a fit of equation (2.4) to experimental cp
in the temperature range where cp ≈ cV
ΘD(0) [24] the high temperature entropy-Debye temperature
within the field of harmonic lattice dynamics
described by Einstein functions. For a p-atomic substance, cV can be calculated by
cV = D(ΘD) +
p−1∑
i=1
E(ΘEi) , (2.22)
where E is the Einstein function (equation (2.1)) and ΘEi are the Einstein temperatures. In a
similar approach, Woodfield et al. (1999) [28] modelled the heat capacity at constant volume
with
cV = 3R · [m ·D(ΘD) + n · E(ΘE)] , (2.23)
where m, n, ΘD and ΘE are adjustable parameters with (m+n) close to the number of atoms
in the molecule. The difference between cp and cV was approximated by
cp − cV = a1 · T + a2 · T 2 , (2.24)
with ai as adjustable parameters. This model was later extended by Hom et al. (2001) [29]
approximating the low temperature part of cV with a polynom in the form of
cV = b3 · T 3 + b5 · T 5 + b7 · T 7 + ... . (2.25)
A tanh-function was used to obtain a smooth transition from the low temperature to the high
temperature part in cp calculation:
ξ = 0.5 · [1− tanh(α · (T − Ttrans))] , (2.26)
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where the parameters bi, α and Ttrans can be used to fit the measured cp data with the complete
function given as
cp = ξ ·
(
b3 · T 3 + b5 · T 5 + b7 · T 7 + ...
)
+(1− ξ) · (3R · [m ·D(ΘD) + n · E(ΘE)] +A1 · T +A2 · T 2) . (2.27)
The Woodfield-Hom-model was successfully used to describe the measured heat capacity of
oxide materials. But, it should be mentioned that this approach is a complete empirical way to
obtain an analytical expression for cp which is not based on a physical model. Obtained Debye
temperatures will not correspond to the phonon dynamics of the material in question.
In a CALPHAD-type assessment, the temperature-dependent heat capacity at constant pres-
sure cp is normally expressed by a Maier-Kelley-type expression [30], which is in most cases
enough for temperatures above 298.15 K.
cp = a+ b · T + c · T 2 , (2.28)
where a, b and c are adjustable parameters.
2.1.3 Neumann-Kopp rule
For a CALPHAD-type modelling, not only an analytical expression for cp is needed, it needs
also an approach for estimating cp in metastable temperature regions or in case if no experi-
mental data is available. This estimation is needed for a good extrapolation of thermodynamic
properties in a wide temperature range starting at 298.15 K. A CALPHAD-type modelling is
in most cases based on the Neumann-Kopp rule, which is expressed for a compound AiBj as
cp (AiBj) = i · cp(A) + j · cp(B) , (2.29)
where i and j are the stoichiometric numbers. The Neumann-Kopp rule was found as fol-
lows. The specific heat of elements and compounds (oxides, nitrates, chlorates, and other) was
measured in the temperature range between 20 °C and 70 °C by Kopp (1865) [7]. He proofed
Neumanns law that “chemically-similar bodies of analogous atomic constitution have approxi-
mately the same atomic heat” [31]. Kopp found that if a compound obey the Dulong-Petit-law
that the atomic heat of the compound is equal to the sum of the atomic heats of the atoms
contained in the compound. This was claimed to be true if the temperature is below the melting
point of the compound or of the containing elements. The elements B, C, and Si were found not
to obey the Dulong-Petit law and therefore compounds containing these elements also differ
from it.
Thermodynamic functions of the elements in stable and metastable states were given by
Dinsdale (1991) [1] - the SGTE unary database. For the thermodynamic description of systems
with higher order, these expressions are usally used in an extended Neumann-Kopp approach
starting at a temperature of 298.15 K to far above the melting points of the modelled substances.
For example in case of Al2Fe, the cp is a weighted sum of the cp expressions of Al and
Fe in their reference state as it can be seen in figure 2.3. In case of Al, cp equals that of
fcc aluminium for temperatures up to the melting point of Al (Tm = 933.6 K). Above the
melting temperature, the cp expression of the reference state is that of liquid aluminium. In
9
2 Theory
500 1000 1500 2000
20
40
60
80
100
120
T
A
l
m
=
9
3
3
.6
K
T
F
e
m
=
1
8
1
1
K
T in K
c p
in
J /
K
·m
o
l
Al2Fe
fcc-Al
bcc-Fe
Figure 2.3: Estimated cp of Al2Fe per formula unit based on Neumann-Kopp rule and the SGTE
unary database [1]. cp of Al and Fe as they contribute to the cp of Al2Fe.
the same way the cp function for Fe is derived, based on bcc-iron. With that, two problems are
arising [2]. First, the cp of the intermetallic phase will show all measured trends of the unary
expressions, e.g. the non-linear increase of cp due to the creation of thermal vacancies close
to the melting point. Second, the cp of the liquid phase is nearly constant with temperature
and its contribution to cp of the intermetallic phase will result in an unphysical behaviour of
the substance at temperatures where it is not melted. In most cases, the cp − cV difference
is increasing with temperature for a solid body because of thermal expansion. This behaviour
should be represented by an estimated heat capacity used for thermodynamic modelling.
2.1.4 Influence of point defects
At high temperatures, intrinsic point defects can be created in crystalline materials, e.g. the
creation of thermal vacancies at temperatures approaching to the melting point. In such cases,
cp shows a non-linear increase with temperature [32,33]. According to Kraftmakher and Strelkov
(1962) [32], the extra specific heat related to the creation of thermal vacancies can be expressed
by
∆cp =
H2f
RT 2
·AS · exp
(
− Hf
RT
)
, (2.30)
where Hf is the molar enthalpy of formation of a single vacancy and AS = exp(Sf/R) with the
molar entropy of vacancy formation Sf. The molar fraction of thermal vacancies xth,vac, is then
calculated by
xth,vac(T ) = AS · exp
(
− Hf
RT
)
. (2.31)
Thermal vacancies can be included in a thermodynamic modelling using the compound energy
formalism, e.g. Franke (2014) [34]. A physical model of thermal vacancies was proposed by
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Guan and Liu (2017) [35]. In the latter work, the model parameters have a physical meaning
which can be related to the process of sublimation.
2.2 Phase diagrams of the Al-Fe-Mg-Si system
The phase diagrams forming the Al-Fe-Mg-Si system will be presented in the next subsections.
The discussion will be focused on important points of the respective systems that are relevant
to calculations and investigations of the present work.
2.2.1 Al-Fe
On the Fe-rich side, the system consists of solid solutions based on fcc-Fe (A1) and bcc-Fe (A2).
The bcc-based solid solutions show B2 and D03 ordering, which was first described by Bradley
and Jay (1932) [36]. On the Al-rich side, the four intermetallic phases ε (Fe5Al8), ζ (FeAl2),
η (Fe2Al5) and θ (Fe4Al13) are formed. All intermetallic phases show narrow homogeneity
ranges around the given stoichiometries. Polymorphic phase transitions were reported for
η [37, 38] and for θ [39, 40].
The liquidus, solidus and invariant temperatures and homogeneity ranges of the intermetallic
phases were reported in [4,5,38,41–57]. Thermodynamic properties were reported in [37,58–72].
Thermophysical properties in relation to the phase diagram can be found in [73–91].
Experimental results on the order/disorder transformations in bcc-based Fe solid solutions
(A2/B2/D03) were discussed in [36, 43, 57, 61, 74–76, 78, 79, 92–128]. Results on theoretical
investigations on chemical and magnetic ordering of Fe-rich solid solutions can be found in
[129–134], the mutual influence of magnetic and chemical ordering was discussed in [135–139]
and magnetic properties were reported in [71, 76, 93, 95, 97, 98, 108, 140–150]. The maximum
solubility of Al in B2 is around 52 at.%. With increasing Al content, the formation of structural
defects and the formation of thermal vacancies is supported in bcc-based alloys, which was
investigated theoretically [151–161] and experimentally [66,87,88,162–187], a literature review
was given by Jordan and Deevi (2003) [188].
The ordering of A2 into B2 and D03 was investigated by XRD experiments for samples with
compositions up to 50 at.% Al by Bradley and Jay (1932) [36,92]. Two Curie temperatures were
reported for samples with compositions around Fe3Al by Sykes and Evans (1935) [140]. These
findings were interpreted as a sign for the existence of a two phase field A2 + D03 by Sato
(1951) [93], which was later confirmed by Taylor and Jones (1956) [94]. The latter authors
suggested also a first order reaction from D03 to B2 and a second order transition between
A2 and B2 based on their XRD results. The stability of D03 up to a maximum temperature
of 818 K was first reported by Selisskii (1959) [99] and the trend of its Curie temperature
by Selisskii (1960) [76]. The type of transition between A2, B2 and D03 was studied using
XRD by Taylor and Jones (1958) [97], Lihl and Burger (1960) [100], Lawley and Chan (1961)
[101] and by Lihl and Ebel (1961) [102]. In the latter work, the phase field A2 + B2 and a
corresponding peritectoid transition A2 + B2→D03 at 813 K were reported for the first time,
which was later confirmed by Rimlinger et al. (1965) [106]. The first order transition between
A2 and D03 was confirmed by Lu¨tjering and Warlimont (1964, 1965) [104, 105], Rimlinger
and Faivre (1968) [111], Epperson and Spruiell (1969) [112] and Swann et al. (1969) [115].
However, it was discussed whether the transition B2/D03 is first order [106,111,116] or second
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order [115,117,118,120]. Based on a TEM study by Swann and Fisher (1966) [108], the A2 + B2
phase field was reported to be stable from 822 K in the composition range between 22.3 and
24.5 at.% Al up to the tricritical point at 893 K and a composition of 23.8 at.% Al. This two
phase field was also reported by Okamoto and Beck (1971) [118] at temperatures above 823 K
based on XRD measurements, but the tricritical point is reported at 939 K and 23.9 at.% Al.
Above the temperature of the tricritical point, the A2/B2 transition was reported to be a second
order type [115,118,120]. Both tricritical points were confirmed to be true by Allen and Cahn
(1975) [121] based on TEM investigations. It was shown that the coherent metastable phase
equilibrium has its tricritical point at 893 K whereas the incoherent stable equilibrium is at
934 K. The accepted version of their phase diagram is shown in figure 2.4. Based on the results
of thermophysical properties, a phase diagram of the Fe-rich part of the Al-Fe system was
constructed by Ko¨ster and Go¨decke (1980) [82], which is presented in figure 2.5. In addition to
the accepted first order transition A2/D03 and the second order transitions A2/B2 and B2/D03,
several other transitions were shown. First, two so called ’K-states’ were drawn at temperatures
below 673 K, one at a composition below 20 at.% Al (K1) and a another between 35 and 40 at.%
Al (K2). The K1 state was also reported by Davies (1963) [79] for samples that were quenched
from 1123 K and then annealed below 673 K. It was mentioned that this K-state can not be
attained without a quenching from high temperature. The transition temperatures of the two
K-states to stable high temperature phases described by Ko¨ster and Go¨decke (1980) [82] were
found using dilatometry. The B2 phase field was divided into three subfields by the authors.
Based on the measurement of the E modulus and dilatometry, the B2 phase (shown as α′2 in
figure 2.5) transformed to α2r with increasing Al content and at high temperatures to α2h. The
latter transition was reported in the temperature range between 973 and 1076 K. It should
be mentioned that no evidence of the splitting of the B2 phase field and the existence of the
K2-state were reported by diffraction experiments, e.g. [67]. The existence of long-range D03
order for temperatures above 1000 K was reported by Hilfrich et al. (1991, 1994) [124, 125].
It was proposed that the accepted low temperature second order transitions of B2/D03 and
A2/B2 must be revised. It was shown that antiphase boundaries were formed at the accepted
transition temperatures, but the D03 order was not fully lost at higher temperatures. However,
it was claimed that the observed microstructure was the true thermodynamic equilibrium. The
existence of D03 order at high temperatures was confirmed by Morris et al. (1994) [126] and
by Kim and Morris (1998) [189], but it was shown that it appears only in small metastable
domains above the D03/B2 transition temperature.
The formation of structural vacancies in B2 alloys was observed by Riviere (1977) [162]
and that of thermal vacancies by Ho and Dodd (1978) [163]. Both defects, structural and
thermal ones, can be quenched in from high temperature [171], which will influence not only
mechanical properties such as hardness [167] but also the enthalpy of formation [184], the kinetic
of ordering [91] and the vacancy anhilation behaviour [187], which depend on the thermal
history of the sample. The formation of vacancies in B2 alloys depends on composition and
temperature as it was shown by Kogachi and Haraguchi (1997) [171]. Vacancy formation was
observed at temperatures in the range from 780 K to 950 K with increasing Al-content from 46.9
to 50.9 at.% thus confirming the vacancy mobility temperature of 973 K reported by Ho and
Dodd (1978) [163]. The formation of single vacancies was also reported for A2 and D03 alloys
by Wolff et al. (1997) [173] whereas the formation of triple defects at low temperatures and of
double vacancies at higher temperatures was found in B2. Keeping the results on the formation
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Figure 2.4: Proposed part of the Al-Fe phase diagram around the tricritical point of A2 and
B2 as reported by Allen and Cahn (1975) [121].
of structural and thermal defects in B2 in mind, the proposed phase diagram by Ko¨ster and
Go¨decke (1980) (see figure 2.5) can be explained. As mentioned above, it was purely derived on
the findings that thermophysical properties of corresponding alloys change with temperature
with no simultaneously change of the crystal structure. Both observations are in agreement
with the formation of defects. Therefore, the proposed phase diagram shows information on
vacancy and structural defect formation, which means that the K-states, α2r and α2h can not
be counted as additional thermodynamic phases.
A review of experimental data and an evaluation of the whole Al-Fe system was done by
Kattner and Burton (1993) [3]. Their accepted phase diagram is shown in figure 2.6. The
reported liquidus temperatures in the range between 50 and 80 at.% Al show a large scatter.
The values reported by Gwyer and Phillips (1927) [42], Schu¨rmann and Kaiser (1980) [190] are
higher than those reported by Lee (1960) [47] and Lendvai (1986) [52]. It should be mentioned
that the higher values were accepted in [3]. However, newer results of DTA investigations by
Stein and Palm (2007) [57], Han et al. (2016) [4] and Li et al. (2016) [5] are in very good
agreement with the reported lower temperatures. In the latter works, [4, 5], the compositions
of the homogeneity ranges of the intermetallic phases were studied in the temperature range
between 1073 K and the respective melting points. At higher temperatures, the phases ζ, η and
θ are stabilised to more Fe-rich compositions (see figure 2.7), which may be related to the
formation of thermal vacancies [4].
A first thermodynamic assessment was done by Seierstein (1998) [191]. The A2/B2 ordering
was described in that work using a two-sublattice model, but without the introduction of
interaction parameters for modelling the A2/B2 transition temperatures. This description was
used with slight modifications for the assessment of the Al-Fe-Si system by Du et al. (2008) [192]
and and for the Fe-Al-C system by Connetable et al. (2008) [193]. The A2/B2 transition was
modelled using also a two-sublattice model in the works by Jacobs and Schmid-Fetzer (2009) [2]
and by Phan et al. (2014) [194]. The modelling of order/disorder was extended to A2/B2/D03
by Sundman et al. (2009) [195] using a four-sublattice model. Here, the A2/B2 first-order
transition was reproduced and the influence of magnetic ordering on the structural ordering
13
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Figure 2.5: Proposed Fe-rich part of the Al-Fe phase diagram by Ko¨ster and Go¨decke (1980)
[82].
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Figure 2.6: Evaluated Al-Fe phase diagram by Kattner and Burton (1993) [3].
was discussed. It should be mentioned that in the works where only a two-sublattice model
for A2/B2 ordering was used, the phase field A2 + B2 closing at the tricritical point was not
reproduced. This was shown in the work by Zheng et al. (2017) [196] as part of a re-assessment
of the Al-Fe-C system. Phan et al. (2014) [194] showed that the reported partial enthalpy of
mixing of the liquid phase at a temperature of 1873 K [62, 65] was not correctly reproduced
using the thermodynamic parameters from Sundman et al. (2009) [195]. The thermodynamic
functions of the liquid phase were much better reproduced in works [194,196].
In the present work, a new thermodynamic assessment of the binary system will be presented
based on own experimental investigations, such as DTA and cp measurements, and on the latest
experiments reported in literature [4, 5, 57].
2.2.2 Al-Mg-Si
The thermodynamic description of the ternary system is based on the reported values of the
COST 507 project as follows. Binary parameters of the Al-Si system were accepted from Feufel
et al. (1997) [197] and from Gro¨bner et al. (1998) [198] that were obtained on the basis of
experimental results, e.g. on thermodynamics [199–206], vapour pressure [203, 207, 208] and
phase relations [209–222].
The four intermetallic phases β, γ, ε and λ were reported for the Al-Mg system, e.g. [223–
225]. Based on reported experimental results on phase diagram evaluation [223, 224, 226–232],
activities in solid and liquid phase [233–239] and other thermodynamic properties [58,240–246],
thermodynamic parameters of the Al-Mg system were assessed by Saunders (1990) [247] and
Lukas (1998) [248], which are accepted here. Additional information on the phase diagram can
be found in [249] and results of ab-initio calculation for the intermetallic phases in [250–252].
The thermodynamic parameters of the Mg-Si system were accepted from the work reported
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Figure 2.7: Experimentally determined Al-rich part of the Al-Fe phase diagram by Han et
al. (2016) [4].
by Feufel et al. (1997) [197] and Feufel et al. (1998) [253], which are base on the evaluation of
reported experimental data on the phase diagram [197,254–258] and thermodynamic properties
[197,245,259–266]. Ab-initio calculation on the only intermetallic phase Mg2Si were reported by
[252,267–272] and additionally thermodynamic modelling of the binary system by [271,273–275].
Ternary liquid parameters were adopted from Lacaze and Valdes (2005) [276]. The accepted
phase diagrams of the system Al-Mg, Al-Si and Mg-Si are shown in figures 2.8a, 2.8b and 2.8d,
respectively.
With the chosen parameters, miscibility gaps can be formed in the liquid phase at temper-
atures above 2000 K, especially in the Mg-Si system. To overcome this issue, one could use
interaction parameters as proposed by Kaptay (2004) [277] that naturely tend to zero at high
temperatures. It should be mentioned that there exists thermodynamic assessments for the
ternary and its binary subsystems using this approach (Mg-Si: Yuan et al. (2009) [278]; Al-Si,
Al-Mg and Al-Mg-Si: Tang et al. (2012) [275]). As presented by the authors, the results look
reasonable in a wide temperature range. However, by using the reported parameters [275],
the experimental data, e.g. Schu¨rmann and Fischer (1977) [279], is reproduced with only low
accuracy. It was therefore decided not to use these parameters in the present work.
2.2.3 Al-Fe-Mg
No intermetallic phases were reported for the systems Fe-Mg and Al-Fe-Mg. A review of the
Al-Fe system can be found in [280]. The thermodynamic description of Fe-Mg was adopted
from Tibballs (1998) [281] and the corresponding phase diagram can be seen in figure 2.8c.
It should be mentioned that the shown phase diagram represents “phase equilibria under a
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constrained pressure of Mg vapor or a neutral gas” [280].
Only rare experimental data is available for the ternary system. The main focus of the
investigations was on the Al-rich side, e.g. Fuss (1934) [282], Barnick and Hanemann (1938)
[283] and Phillips (1941) [284]. The ternary eutectic L→ (Al) + β+ θ at T = 718 K was reported
by [283].
2.2.4 Al-Fe-Si
Available experimental data and thermodynamic assessments of the Fe-Si system were critical
reviewed by Cui and Jung (2017) [285] and a new assessment of the system was presented, which
is accepted here. For a correct A2/B2 description without D03 modelling, the thermodynamic
parameters of B2 were slightly changed in the present work.
Eleven ternary intermetallic compounds were reported for the Al-Fe-Si system [286, 287].
The liquidus surface, and isothermal and isoplethal sections of the Al-rich side of the Al-Fe-Si
system were reported in several works, e.g. [42, 53, 286–303] and thermodynamic properties
were reported by [304–308]. Reviews of the ternary system can be found in [309–312]. Several
thermodynamic assessments of the system are available [192,313–317].
Solubility of the third element is reported for the binary Al-Fe phases θ, η and ζ, e.g. [287,
298, 299]. Up to 10 at.% Al is dissolved in FeSi and HT-FeSi2 [287]. The latter phase, the
high-temperature modification of FeSi2, is stabilised by Al down to a temperature of at least
1023 K.
2.2.5 Fe-Si-Mg
Isothermal sections at 1000, 1073 and 1273 K were reported by Pierre et al. (2000) [318] and
Lo¨ffler et al. (2011) [319]. No ternary compounds were observed. The extension of the liquid
miscibility gap of the Fe-Mg system into the ternary system was investigated at 1727 K and
a pressure of 1519875 Pa (15 atm) by Guichelaar et al. (1971) [320]. The Si-rich parts of the
liquidus surface were constructed by Zwicker (1954) [321].
The solubility of the third element in the binary phases is very limited [319] which is less then
0.1 at.% at 1073 K for FeSi2, FeSi and Fe3Si (D03) and less then 0.3 at.% for Mg2Si. The phase
Fe5Si3, which is stable in the binary system at temperatures above 1098 K, is stabilised by Mg
at 1073 K and dissolves 0.5 at.% Mg at this temperature. The solubility of either Mg or Si in
dependence of the other element in liquid Fe at 1873 K was studied by Li et al. (1996) [322].
A thermodynamic assessment of the system based on the binary descriptions from Lacaze and
Sundman (1991) [323], Kevorkov et al. (2004) [274] and Tibballs (1998) [281] was reported by
Du et al. (2007) [324]. The solubility of Mg in Fe3Si7 and FeSi was included in the modelling. In
the present work, the new Fe-Si description [285] will be used and therefore new thermodynamic
parameters of the Fe-Mg-Si system must be assessed.
2.2.6 Al-Fe-Mg-Si
One intermetallic phase, the pi-phase (Al9FeMg3Si5), was reported in the quaternary sys-
tem [325–329]. Investigations on phase relation can be found in [294, 330–333]. A thermo-
dynamic description of the pi-phase was presented by Balitchev (2004) [334]. Unfortunately,
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Figure 2.8: Accepted binary phase diagrams of the systems a) Al-Mg [247, 248], b) Al-Si [197,
198], c) Fe-Mg [281] and d) Mg-Si [197,253].
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this description is not compatible with the used binary and ternary descriptions of the present
work and it was, therefore, not considered here.
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3 Methods and experiments
3.1 Sample preparation
Samples of the Al-Fe system with the compositions as listed in table 3.1 and one Al-Fe-Si sample
(52.51 at.% Al, 16.31 at.% Fe and 31.18 at.% Si) were prepared by arc melting (AM furnace,
Edmund Bu¨hler GmbH, Hechingen, Germany) using pure metals (Al 99.9999; Fe 99.995 and
Si 99.9999 Alfa Aesar, Karlsruhe, Germany). The furnace was evacuated three times and
backfilled with argon gas each time before melting to prevent oxidation of the samples.
In the present work, all samples will be identified by their corresponding nominal composition
as listed in table 3.1, which are given with two decimals. The given decimals should not
be interpreted as an accuracy of a composition measurement on the samples. The nominal
compositions were calculated from the impurity content of the starting materials and their
weighed masses.
Samples with the compositions 67.1 at.% Al (ζ, FeAl2), 71.7 at.% Al (η, Fe2Al5), and 74.5 at.%
Al (θ, Fe4Al13) were prepared by levitation melting followed by casting in a cold copper mould
[5]. The samples were cut into discs with a diameter of 5 mm and a height of 1 mm. These
samples were obtained by F. Stein (MPI Du¨sseldorf).
In case of phase diagram investigation, the as-cast samples were broken into smaller pieces
and each of these smaller samples was annealed at different temperatures, as listed in table 3.2
under argon atmosphere using a quenching furnace. The quenching furnace is a vertical tube
furnace (RHTV 120/300/18, Nabertherm, Germany) with the possibility to apply vacuum and
to backfill it with argon atmosphere. Details of the used furnace can be found in [335]. Before
annealing, vacuum was applied three times and the working tube was each time backfilled
with argon. During the last pumping step, a pressure less than 1 · 10−5 mbar was normally
achieved. With such procedure, it was ensured that all residual impurities inside the furnace,
such as humidity and organic traces, were removed before heat treatment. After annealing, the
samples were quenched into water.
In case of cp measurement, the as-cast samples were sealed in evacuated and argon backfilled
silica glass tubes. The samples were then annealed at a temperature of 1273 K for seven days
and furnaced cooled to room temperature to get a homogeneous microstructure with grains
that will not grow during the heat capacity measurements. A disc with a height of ≈ 1.5 mm
and a diameter of 5 mm was cut from each annealed sample.
3.2 Sample characterisation
Samples were grinded and polished and their microstructure was studied using SEM (Leo1530
Gemini, Carl Zeiss with EDS from Bruker AXS Microanalysis GmbH) in back-scattered electron
contrast mode. Observed phases were identified by composition measurements using SEM/EDS
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Table 3.1: Weighed masses and nominal sample compositions in the Al-Fe system.
Sample
mass in mg comp. in at.% comp. in mass%
Al Fe Al Fe Al Fe
P1 1787.75 1211.02 75.34 24.66 59.62 40.38
P2 1649.98 1349.71 71.67 28.33 55.01 44.99
P2-5 971.51 1187.15 71.67 28.33 55.01 44.99
P3 1470.11 1529.84 66.54 33.46 49.01 50.99
P4 902.77 1097.27 63.00 37.00 45.14 54.86
P5 990.38 1009.53 67.00 33.00 49.52 50.48
P6 1150.37 849.76 73.70 26.30 57.52 42.48
P10 412.91 1586.39 35.01 64.99 20.65 79.35
P11 487.13 1513.18 39.99 60.01 24.35 75.65
P12 566.68 1433.62 45.00 55.00 28.33 71.67
P13 1144.24 1862.33 55.99 44.01 38.07 61.93
P14 1531.07 1979.97 61.56 38.44 43.62 56.38
P15 1520.67 1627.22 65.93 34.07 48.32 51.68
P16 1431.43 1468.95 68.00 32.00 50.66 49.34
P17 1472.79 1307.05 70.00 30.00 52.99 47.01
P18 1580.38 1229.71 72.687 27.313 56.25 43.75
P19 1145.50 937.65 71.67 28.33 55.00 45.00
P20 987.98 1177.76 71.17 28.83 54.39 45.61
P21 973.56 1218.87 72.16 27.84 55.61 44.39
P22 1032.5 1373.6 60.88 39.12 42.92 57.08
Table 3.2: Annealing temperatures and times for the quenching experiments of the Al-Fe sys-
tem.
Sample Temperature in K Time in hh:mm
AlFe-P(1,2,3)
973.15
67:05
AlFe-P(4,5,6) 66:25
AlFe-P4
1073.15
42:28
AlFe-P5 41:55
AlFe-P6 43:40
AlFe-P(1,2,3,4,5,6) 1173.15 70:00
AlFe-P(1,2,3,4,5,6) 1273.15 72:00
AlFe-P(1,2,3,4,5,6) 1393.15 21:00
AlFe-P(3,5)
1418.15
18:40
AlFe-P6 07:30
AlFe-P(3,4,5,13,14,15,16) 1426.15 17:30
AlFe-P(4,14) 1435.15 07:00
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Figure 3.1: EPMA/WDS results of the two phase sample ζ+ η of the Al-Fe system (67.00 at.%
Al) annealed at a temperature of 1073 K.
and by SEM/EBSD measurements (Nordlys II EBSD detector, Oxford Instruments).
Two samples were powdered and studied using XRD (URD63 diffractometer, Seifert-FPM,
Freiberg/Germany with Cu Kα radiation).
3.2.1 EPMA/WDS
The chemical composition of phases were measured by electron probe microanalysis with
wavelength-dispersive X-ray spectroscopy (EPMA/WDS) using a JXA8900 RL (Jeol GmbH,
Germany). The device was calibrated against standards of pure aluminium and iron. A min-
imum of 50 points for each phase was measured using line measurements with a stepsize of
0.5 µm. The obtained composition values were then size sorted and plotted as shown in figure
3.1 on the example of the two phase sample ζ+ η of the Al-Fe system (67.00 at.% Al) annealed
at a temperature of 1073 K. If a distinct composition plateau was observed, the mean value
and the corresponding standard deviation was calculated from an appropiate range of points
for each of it. The determined standard deviation was in most cases below 0.2 at.%.
3.2.2 Thermal analysis
Transition temperatures of each sample were determined using DTA (Setaram SetSys Evolution
1750, Setaram, France) which was temperature calibrated by determining the melting points
of Al, Ag, Cu and Au. In all experiments, the samples were heated in alumina crucibles under
flowing argon atmosphere (20 ml/min).
The transition temperature was measured by determining the onset point (OP) as the inter-
section of the extrapolated, uneffected baseline with the tangent of the peak of the measured
DTA signal as shown in figure 3.2. Transition temperatures were determined for the heating
rates of 10, 5 and 2 K/min. The heating rate dependency of the onset point temperatures were
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Figure 3.2: DTA signal of the 63.00 at.% Al sample of the Al-Fe system heated with 2 K/min
above the liquidus temperature. Four transitions were found and their onset points
were determined from the constructed extrapolated baselines and the tangent of
the corresponding peak.
examined by a linear fitting of these data. From that, the temperature of each transition was
taken as the calculated onset point at a heating rate of 0 K/min. Transitions are labeled by
roman numbers (I-IV).
3.3 Heat capacity measurements
Heat capacity measurements were done in a temperature range between 120 K and 1620 K.
A DSC 8000 (Perkin Elmer, USA) was used for the temperature range from 120 K to 823 K
and a DSC 404C Pegasus (NETZSCH-Gera¨tebau GmbH, 95088 Selb, Germany) was used for
the temperatures between 293 K and 1620 K. Platinum crucibles with an alumina inlay and
a platinum lid were used for measurements in both devices. If not otherwise mentioned, the
heating rate in the experiments was 10 K/min and standard sapphire discs from NIST (NIST,
Gaithersburg, USA) were used as calibration substance. Heat capacity was measured in tem-
perature intervals between 100 K and 250 K in agreement with the guidelines given by Ho¨hne
et al. (2003) [336, page 154].
Differences in heat transfer coefficients between sample and reference materials were declared
to have a large influence on accuracy of a cp measurement by Poessnecker (1990) [337]. For
example, increasing values of heat transfer coefficients will reduce the possible error of the
measurement. Therefore, the samples were prepared to nearly the same form and size of the
reference sapphire disc. To increase the heat transfer between the sample and the crucible,
the sample discs were ground to obtain a planar contact surface to the crucible. A DSC is
rarely used for cp measurement above a temperature of 1400 K [338,339] and there is discussion
about the accuracy of data obtained using this device at high temperatures [340]. An error of
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three to five percent is normally expected up to a temperature of 1400 K. The error is expected
to increase further with increasing temperature. The reliability of the high-temperature cp
measurements was checked by cp measurements of sapphire, corrundum and platinum (see
section 4.3.1) and by comparison with reported literature data in case of B2-FeAl samples (see
section 4.4.1).
The continuous method described by Gatta et al. (2006) [341] was used to determine cp.
This classical three step method is based on the measurement of the heat flow signal of empty
crucibles Φ0 (zeroline), a reference sample Φref (e.g. sapphire), and the measurement of the
sample signal Φspl. Here, the index ’0’ stands for zeroline, ’ref’ for reference and ’spl’ for
sample. In the following equations, the star symbol ’*’ marks the three indices ’0’, ’ref’ and
’spl’ (* ∈ {0, ref, spl}).
With the knowledge of the reference heat capacity cp,ref, a correction function KΦ(T ) can be
calculated by
KΦ(T ) =
cp,ref · β ·mref
Φref − Φ0 , (3.1)
where β is the heating rate and mref is the mass of the reference substance. The heat capacity
of the sample cp,spl is then calculated with
cp,spl =
KΦ(T ) · (Φspl − Φ0)
β ·mspl . (3.2)
The heat flow Φ∗ is derived from the measured signal Φ∗meas and a calculated linear baseline
Φ∗lin by
Φ∗ = Φ∗meas − Φ∗lin . (3.3)
The value of Φ∗lin is calculated as a linear function between the times t
∗
start and t
∗
end from the
values of the isothermal heat flow signal Φiso,*start and Φ
iso,*
end before and the end of the heating run
that is defined by
Φ∗lin = Φ
iso,*
start +
Φiso,*end − Φiso,*start
t*end − t*start
·
(
t(T )− t*start
)
. (3.4)
The definition of the discussed parameters is schematically shown in figure 3.3 on a measured
zeroline of the DSC 8000.
In the present work, the measured heat capacity is fitted by appropriate analytical expres-
sions. The heat capacity will be expressed as a polynomial function fi(T ) for a given tempera-
ture range i. The function fi(T ) will be described by equations (2.4), (2.28) and (2.30), or by
a combination of them. The different expressions for different temperature intervals are then
merged together in an overlapping temperature range between Tstart and Tend by
cp =
(
T − Tstart
Tend − Tstart
)
· fi+1(T ) +
(
1− T − Tstart
Tend − Tstart
)
· fi(T ) , Tstart ≤ T ≤ Tend . (3.5)
This kind of expression can be easily included in a thermodynamic description for a CALPHAD-
type assessment.
24
3.4 Thermodynamic calculations and modelling
35 36 37 38 39 40 41 42 43 44 45 46 47 48 49
−2
0
2
4
6
8
Φ∗lin
Φ∗meas
t∗start t
∗
end
Φiso,*start
Φiso,*end
t in min
Φ
in
m
W
Figure 3.3: Scheme of the definitions of Φ∗ and time t∗, with * ∈ {0, ref, spl}.
3.4 Thermodynamic calculations and modelling
Thermodynamic calculations were done using the ThermoCalc software package [342] version
2015b. A thermodynamic description of the Al-Fe-Mg-Si system was found in the present work
by combining reported thermodynamic assessments and parameters optimised in this work
based in the thermodynamic models described below.
3.4.1 Modelling solid and solid solution phases
The compound energy formalism (CEF) [343] is used to model thermodynamic properties of
solid phases. The Gibbs energy Gα of a phase α can be expressed as
Gα = srfGα − T · cfgSα + EGα + physGα . (3.6)
srfGα is the Gibbs energy of the ’surface of reference’ that represents the Gibbs energy of the
end-members of the phase. The configurational entropy of the phase is expressed by cfgSα and
deviation from ideal behaviour of the constituents of the phase is expressed by the excess Gibbs
energy EGα. Any physical contribution to Gibbs energy, e.g. magnetic transition, is included
in the physGα term.
A phase can be described using sublattices. In general, the sublattice model can be written
as
sublattice 1︷ ︸︸ ︷
(A,B, ...)a1
sublattice 2︷ ︸︸ ︷
(A,B, ...)a2 ...
sublattice k︷ ︸︸ ︷
(A,B, ...)ak , (3.7)
where A,B, ... are possible species of the sublattice and ak is the stoichiometric number of
the sublattice k. In principle, different species can mix on each sublattice. The species that
constitute a phase will be called constitutents. The amount of each constitutent i in each
sublattice is given by the constituent fraction y
(k)
i , which is also called site fraction in case
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of crystalline solids. The sum of the constituent fractions of each sublattice is unity. If the
constituents are components, the mole fraction xi of the component i is given by
xi =
∑
k ak · y(k)i∑
k ak ·
∑
j y
(k)
j
, (3.8)
where j represents all constituents of the phase. Vacancies must be excluded from the summa-
tions.
The substitutional model presents the case when species are mixing in one possible site as
(A,B, ...)1 . (3.9)
This model is applied for the disordered solid solution phases bcc (A2) and fcc (A1) and for
the liquid phase of the Al-Fe system as
(Al,Fe)1 . (3.10)
In case of the A2 phase, the terms srfGA2, cfgSA2 and EGA2 are then expressed in the following
way.
srfGA2 =
n∑
i=1
xi · ◦GA2i (3.11)
= xAl · ◦GA2Al + xFe · ◦GA2Fe , (3.12)
where the summation is over the components Al and Fe, xi is the mole fraction of the component
i in the sublattice, and ◦GA2i is the Gibbs energy of the end-member, which are the Gibbs
energies of bcc-alumnium and bcc-iron. The configurational entropy is given by
cfgSA2 = −R ·
n∑
i=1
xi · ln(xi) (3.13)
= −R · [xAl · ln(xAl) + xFe · ln(xFe)] . (3.14)
The binary excess energy can be expressed by
bin.EGα =
n−1∑
i=1
n∑
j=i+1
xixjLij , (3.15)
where i and j are the components and Lij is the regular-solution parameter representing the in-
teraction energy between i and j. The regular-solution parameter can be expressed by Redlich-
Kister power series [344] as
Lij =
k∑
ν=0
(xi − xj)ν · νLij , (3.16)
where νLij can be temperature dependend. The excess Gibbs energy of the A2 phase up to
ν = 2 is then
EGA2 = xAlxFe ·
(
0LAl,Fe + (xAl − xFe) · 1LAl,Fe + (xAl − xFe)2 · 2LAl,Fe
)
. (3.17)
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For phases where species can mix on two sublattices, a two-sublattices compound energy model
must be used to describe the Gibbs energy of that phase. The model can be written as
(i1, i2, ...)a1(j1, j2, ...)a2 , (3.18)
where i and j are the constituents of the first and the second sublattice, respectively. The
Gibbs energy is then expressed using the site fractions of the constituents instead of the mole
fractions of the components as
G =
∑
i
∑
j
yiyj · ◦Gi:j +RT ·
a1 ·∑
i
yi ln(yi) + a2 ·
∑
j
yj ln(yj)
+ EG+ physG . (3.19)
The excess Gibbs energy is derived in a similar way as for the substitutional model. For
example, the interaction between i1 and i2 on the first sublattice in presence of j1 on the
second sublattice is expressed as
EG = yi1yi2yj1 · Li1,i2:j1 (3.20)
with
Li1,i2:j1 =
n∑
ν=0
(yi1 − yi2)ν · νLi1i2:j1 . (3.21)
As mentioned above, any physical contribution to the Gibbs energy is included in the physG
term. In this work, a magnetic description must be included for the phases A2 and B2, which
is discussed in the next subsection.
3.4.2 Modelling magnetic contribution to Gibbs energy
An empirical model of the contribution of a magnetic transition to thermodynamic functions
was described by Hillert and Jarl (1978) [345] and by Inden (1981) [346]. With that, the
magnetic contribution to Gibbs energy magG is expressed as
magG = n ·RT · f(τ) · ln(β + 1) , (3.22)
where n is number of atoms per formular unit that have the average magnetic moment β [347].
The function f(τ) is given by
f(τ) =

1− 1
A
·
[
79τ−1
140p
+
474
497
·
(
1
p
− 1
)
·
(
τ3
6
+
τ9
135
+
τ15
600
)]
, for τ < 1
− 1
A
·
(
τ−5
10
+
τ−15
315
+
τ−25
1500
)
, for τ ≥ 1
(3.23)
with
A =
518
1125
+
11692
15975
·
(
1
p
− 1
)
, (3.24)
where τ = T/TC with the Curie temperature TC and p is an empirical constant representing the
ratio between the contributions of long-range order and short-range order to magnetic enthalpy.
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Based on the findings of Inden (1981) [346], p = 0.4 is used for bcc and p = 0.28 is used for fcc
materials which is adopted in the present work as well.
The equations for TC and β are derived in a similar way as for the Gibbs energy. In the
simple substitutional case for (A,B)1, the Curie temperature is expressed as
TC = xA · TCA + xB · TCB + ETC , (3.25)
where TCA and TCB are the Curie temperatures of component A and B. Any additional compo-
sition dependence of the Curie temperature can be expressed by the excess Curie temperature
ETC as
ETC = xAxB · TCAB . (3.26)
The equations for β are derived in the same way as for TC.
3.4.3 Modelling chemical ordering
The ordering of the disordered A2 phase to B2 phase in the Al-Fe system was included in
modellling in the present work. For the B2 model, the A2 sublattice is divided into two
sublattices
(Al,Fe)0.5(Al,Fe)0.5 . (3.27)
The Gibbs energy of A2 and B2 is expressed in one description using the partioning Gibbs
energy model as explained by Ansara et al. (1997) [348] and by Dupin and Ansara (1999) [349].
In that approach, the ordering contribution to Gibbs energy is separated from the description
of the disordered phase. The Gibbs energy is then given by
G = GA2 + ∆GB2 (3.28)
with the ordering contribution expressed as
∆GB2 = GB2(y)−GB2(y = x) . (3.29)
With such expression, it is ensured that ∆GB2 will be zero in the disordered state when it holds
yi = xi.
The Gibbs energy of the ordered phaseGB2 is expressed using the compound energy formalism
as shown by equation (3.19). From crystallography, the B2 phase has two equivalent sites and
thus the Gibbs energy of two endmembers must be the same
◦GB2Al:Fe =
◦GB2Fe:Al . (3.30)
The same argument holds for the parameter of the excess Gibbs energy, for example
LB2Al,Fe:* = L
B2
*:Al,Fe , (3.31)
where the star symbol indicates the presence of both, Al and Fe, on the respective sublattice.
The Gibbs energy of the other two end-members of the B2 phase, ◦GB2Al:Al and
◦GB2Fe:Fe, are equal
to the Gibbs energies of the A2 end-members ◦GA2Al and
◦GA2Fe , respectively, and therefore, they
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are excluded in the B2-phase description. The parameters for the ordered and disordered phase
are connected by the relation
0LA2Al,Fe = 2 · ◦GB2Al:Fe − ◦GB2Al:Al − ◦GB2Fe:Fe + 2 · 0LB2Al,Fe:* . (3.32)
The chemical ordering can also influence the magnetic properties. The dependence of mag-
netic ordering on chemical ordering can be included in the thermodynamic description by using
TC = T
A2
C + ∆T
B2
C (3.33)
and
β = βA2 + ∆βB2 (3.34)
for expressing TC and β also for the ordered phase. As explained above, symmetrical parameters
in both functions must be used in case of the B2 phase, namely for the parameters TC
B2 BCC
Al:Fe:Va,
0TC
B2 BCC
Al,Fe:*:Va, β
B2 BCC
Al:Fe:Va,
0βB2 BCCAl,Fe:*:Va,
1βB2 BCCAl,Fe:*:Va and
2βB2 BCCAl,Fe:*:Va.
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4.1 Prediction of heat capacity
An algorithm for prediction of the heat capacity cp will be presented in this section. The basic
idea is to predict heat capacity on the basis of thermophysical properties that can be easily
calculated using ab-initio methods. In the following, the words ’prediction’ and ’estimation’
are used to express different meanings. First, prediction is used in the sense of forecasting. The
algorithm predicts thermophysical properties based on certain parameters and its predictive
power is only as good as these parameters. These starting parameters can be either estimated
(see section 4.1.2) or predicted (see section 4.1.3). Here, estimated means that they are found
on the basis of experimental values using the presented algorithm, which is the CALPHAD
approach of modelling thermophysical properties. On the other hand, empirical correlations
among these parameters and, for example, the melting temperature, can be used to predict
their values. In section 4.1.4, the algorithm is evaluated and its best application in frame of a
CALPHAD-type assessment is explained.
4.1.1 cp-prediction algorithm
In the following section, a model will be described that allows one to calculate the heat capacity
cp starting from a temperature of 0 K up to a desired temperature using equation (2.9). The
approach is based on physical laws and does not need any empirical parameters.
Basic assumptions
It is assumed that materials under consideration can be described as Debye-like solids (see
section 2.1). The heat capacity at constant volume cV is then expressed by equation (2.4) with
the Debye temperature ΘD [9] as parameter. The heat capacity at constant pressure cp can
be expressed by equation (2.9). The bulk modulus B0 and the molar volume V0 at T = 0 K
are needed as input parameters, which can be obtained by ab-initio methods or they can be
estimated from experiments.
Correlation between αV and cV
As discussed in section 2.1, αV is proportional to cV , which was expressed by Garai (2006) [16]
as
αV (T ) = a · cV (T ) , (4.1)
where a is the proportionality constant. Using this equation at two different temperatures T1
and T2, the relation
αV (T1)
αV (T2)
=
cV (T1)
cV (T2)
(4.2)
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was derived, which can be rearranged to
αV (T2) = αV (T1) · cV (T2)
cV (T1)
. (4.3)
Equation (4.3) is fulfilled for pure elements (Ag, Al, Au, Ba, Co, Cr, Cu, Fe, K, Ni, Pb, Pt,
Ti and V) in the temperature range between 0 K and ΘD [16]. Here, it is considered to be
applicable to all Debye-like solids. With knowledge of the thermal expansion coefficient at the
Debye temperature αΘDV , the thermal expansion coefficient and the volume between T = 0 K
and ΘD can be easily calculated by
αV (T ) = α
ΘD
V ·
cV (T )
cV (ΘD)
, for 0 ≤ T ≤ ΘD , (4.4)
and
V (T ) = V0 · exp
(∫ T
0
αV (T ) dT
)
, (4.5)
respectively.
The trend of B(T )
For the materials reported in [350] (see figure 4.1), the bulk modulus B is nearly constant at
temperatures close to 0 K. Above, B decreases almost linearly with temperature. The transition
from a constant value to a linear temperature trend can be marked by a temperature TBtrans.
From the experimental values shown in figure 4.1, this transition temperature is approximately
50 K for all materials.
Using the following approach, B(T ) can be calculated by
B(T ) =

B0V0
V (T )
, for 0 ≤ T ≤ TBtrans
B(TBtrans) +m · T , for T > TBtrans ,
(4.6)
where B0 is the bulk modulus at T = 0 K, B(T
B
trans) is the bulk modulus at T
B
trans and m
is a constant. The transition temperature TBtrans is defined here as the temperature at which
B(T ) = 0.9998 ·B0 is fulfilled.
Preliminary calculation of cp for 0 ≤ T ≤ ΘD
With the knowledge of V0, B0, B(T ), ΘD and α
ΘD
V , the heat capacity and the volume can be
calculated for temperatures between 0 K and ΘD using equations (2.9) and (4.5), respectively.
For further calculation of cp, a method is needed to calculate αV and V at temperatures
above ΘD, which will be explained next.
Calculation of αV and V at T > ΘD
A thermodynamic framework of simple scaling parameters connecting elastic and thermody-
namic properties was derived by Raju et al. (2001) [352] and Raju et al. (2002) [353] for tem-
peratures above ΘD. A relation was found by Raju et al. (2002) [353] connecting the volume
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Figure 4.1: Reported trend of B(T ) for several elements. The values for Ar, Kr and Xe are
taken from Urvas et al. (1967) [351]; all other values are taken from the compilation
by Wern (2004) [350].
change with a change in enthalpy expressed as
V (T ) = V0 + ε · (H(T )−H0) , (4.7)
where H0 is the enthalpy at a reference temperature and ε is a constant. This relation follows
from the already discussed correlation between the thermal expansion coefficient and heat
capacity. In the present work, H0 is the enthalpy at T = 0 K. The equation above is then
reduced to the correlation between the volume and the enthalpy change for temperatures above
zero Kelvin expressed as
V (T ) = V0 + ε ·∆H(T ) (4.8)
with
∆H(T ) =
∫ T
0
cp(T ) dT . (4.9)
From the preliminary calculation of cp, ∆H(T ) can therefore be derived by integration. From
that and with the preliminary calculated V (T ), ε can be derived by fitting equation (4.8) to
these values using ε as parameter. With ε, the volume at T > ΘD is then calculated using
equation (4.8) instead of using equations (4.4) and (4.5).
Calculation of cp for T > 0 K
At this point, the algorithm starts a new cp calculation beginning at T = 0 K to avoid jumps
in the numerical results at the Debye temperature. With the obtained ε, the volume is now
directly calculated by equation (4.8) for all temperatures. The volumetric thermal expansion
coefficient αiV can be derived from V (T ) values by
αiV =
1
Vi
∂Vi
∂T
, (4.10)
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with
∂Vi
∂T
≈ Vi − Vi−1
Ti − Ti−1 with i = 1, 2, 3, ... . (4.11)
In the present work, i should mark the actual index of a calculation step of the numerical
calculation and i− 1 means therefore the preceding one. Good results were achieved for a
stepsize of ∆T = 1 K, which is adopted here for all presented calculations.
Besides the calculation of B(T ) using equation (4.6), the calculation of cp is reduced to a
good ∆H(T ) estimation, which is needed for equation (4.8). The calculation of cp at Ti is done
in two steps. First, an enthalpy change ∆Hi at Ti is estimated based on the calculated values
from Ti−1, which is then used in a second step to calculate V , αV and, finally, cp at Ti using ε
due to equations (4.8), (4.10) and (2.9).
At temperatures below 10 K, it can be assumed that cp ≈ cV . Therefore, for i ≤ 3, ∆Hi is
estimated by
∆Hi(Ti) =
∫ Ti
0
cV dT , for T < 10 K , (4.12)
which can be written as
∆Hi(Ti) = ∆Hi−1 + ∆HcVi = ∆Hi−1 +
∫ Ti
Ti−1
cV dT . (4.13)
Using the equations described above, values for Vi, α
i
V , Bi and c
i
p can be calculated. With that,
the additional enthalpy ∆H
cp
i from the increase of cp − cV can be calculated by
∆H
cp
i =
∫ Ti
Ti−1
cp − cV dT . (4.14)
For i > 3, its value is taken into account in the numerical calculation approximating it with
∆H
cp
i ≈
∫ Ti
Ti−1
∆cp dT
≈ 0.5 ·∆T ·∆cp(Ti) . (4.15)
The value of ∆cp(Ti) must be estimated to get a reliable estimate of ∆H
cp
i . For that, a function
∆cp(i) is defined, which gives the difference in cp − cV between the calculated values for the
numerical steps i and i− 1 as follow.
∆cp(i) =
(
cip − ciV
)− (ci−1p − ci−1V ) . (4.16)
For temperatures below ΘD, a function a+ b · T + c · T 2 is fitted to the last three ∆cp(i) values
∆cp(i − 1), ∆cp(i − 2) and ∆cp(i − 3) using a, b and c as fitting parameters. ∆cp(Ti) is then
estimated by
∆cp(Ti) =
{
a+ b · Ti + c · T 2i , for 0 ≤ Ti ≤ ΘD
∆cp(i− 1) + ∆T · [∆cp(i− 1)−∆cp(i− 2)] , for Ti > ΘD .
(4.17)
The reason for choosing a quadratic equation to estimate ∆cp(Ti) for temperatures below the
Debye temperature and a linear one above it can be seen in figure 4.2. In figure 4.2a, the
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calculated final values of ∆cp(Ti) are shown on the example of the values of silver. It can be
seen that at temperatures below the Debye temperature, ∆cp is sharply increasing as well as
decreasing at temperatures approaching ΘD. At this temperatures, it is not possible to estimate
∆cp(Ti) in a good manner based only on the values of ∆cp at Ti−1 and Ti−2 as shown in figure
4.2b. In the temperature range 0 ≤ Ti ≤ ΘD, the estimated values of ∆cp(Ti) using the linear
equation differ to much from the calculated final values in comparison to the ones using the
quadratic equation. At temperatures above ΘD, the linearly estimated values are very close to
the final calculated ones, which can be seen in figure 4.2c. Therefore, it was decided to use these
two different equations for estimation of ∆cp(Ti) below and above the Debye temperature.
The final enthalpy change estimation ∆Hesti (Ti) for i ≥ 4 is calculated with
∆Hesti (Ti) = ∆Hi−1 + ∆H
cV
i + ∆H
cp
i , (4.18)
where
∆Hi−1 =
∫ Ti−1
0
cp dT . (4.19)
As described above, ∆Hesti (Ti) is used to calculate c
i
p in a second step.
With the described algorithm, it is possible to calculate cp with the five parameters V0, α
ΘD
V ,
ΘD, B0 and m (the linear slope of B(T )). The volume and bulk modulus at T = 0 K can be
calculated by ab-initio methods. The estimation of ΘD, α
ΘD
V and m will be explained in the
next subsection.
4.1.2 cp-parameter estimation
The estimation of necessary parameters will be explained on the example of silver (M =
107.87 g/mol). Elastic properties and volume data are taken from the compilation of Wern
(2004) [350], which are B0 = 108.7 GPa, m = −0.022634 GPa/K, ν = 0.345, ρ = 10.6330 g/cm3
and V0 = 10.1448 cm
3/mol. Experimental cp values are taken from Furukawa et al. (1968) [354].
Estimation of ΘD
The calculated Debye temperature is ΘD,0 = 245 K and the calorimetric ΘD,fit = 215 K. As it
can be seen in figure 4.3, the calculated cV using the calorimetric Debye temperature agrees
better with experimental data and reproduces very well the measured low temperature heat
capacity.
Estimation of B(T )
If experimental data for B(T ) is available, one can use two procedures. First, it is possible to
interpolate between the experimental values in the measured temperature range. Or second, a
linear slope of B(T ) can be assumed for B < 0.9998 ·B0 and T > TBtrans as described in section
4.1.1 and a linear function is fitted accordingly to experimental values. With the latter method
an extrapolation of B(T ) beyond the measured temperature range is possible. The results for
the fitting method are shown for silver in figure 4.4 together with experimental B(T ) values
and the calculated ones using the model algorithm.
If no experimental data is availaible, it is possible to predict the thermal bevaviour which
will be discussed in section 4.1.3.
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Figure 4.2: a) Calculated trend of ∆cp(Ti) on the example of silver with ΘD = 215 K. b)
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Estimation of αΘDV
With calculated or determined values of V0, B0, m and ΘD, only α
ΘD
V is determing the course
of V (T ). Therefore, the algorithm can be used to fit experimental V (T ) data with only one pa-
rameter αΘDV . The best fit to experimental volume of Ag was achieved with α
ΘD
V = 55.15· 10−6/K
together with the above mentioned zero Kelvin properties and ΘD = 215 K. The calculated
volume can be seen in comparison to experimental data [350] in figure 4.5.
In section 4.1.3, it will be shown how αΘDV can be predicted. However, the fitting approach
is preferred here. Normally, the crystallographic structure of a material of interest was investi-
gated before properties at zero Kelvin are calculated by ab-initio methods. Therefore, at least
one volume information at T > 0 K is available and it can be used to obtain αΘDV by fitting
which results in a better estimation than the pure prediction method.
4.1.3 cp-parameter prediction
Prediction of ΘD
The calculated Debye temperatures ΘD,0 are often higher than the calorimetric ones [24, 355],
which is shown in figure 4.6a for the investigated substances listed in table 4.1. A mean ground
state sound velocity
v =
√
B
ρ
(4.20)
was correlated with the Debye temperature by Moruzzi et al. (1988) [23]. To account for the
lower experimental (calorimetric) Debye temperatures, a scaling factor for non-magnetic cubic
materials was introduced. In comparison to [23], Chen and Sundman (2001) [24] expanded this
37
4 Results
treatment to more cubic as well as to hexagonal elements for which different scaling factors are
needed.
As discussed above, heat capacity can be better expressed using the calorimetric Debye
temperatures in comparison to the calculated ones. This is not only true for cp, it was also
reported for correlations between other properties [26]. The aim of the present work was to
find a simple empirical correlation between the calorimetric Debye temperature and a property
that can be obtained from a zero Kelvin ab-initio calculation to predict ΘD for materials if only
the ground state properties are available. Such a correlation was found with the quantity
Es =
B0
ρ0
(4.21)
which will be called specific energy in the present work. A linear correlation between the
calorimetric Debye temperature and the specific energy was found for the elements listed in
table 4.1, which can be expressed as
ΘD = (38.912± 8.432) K + (14.5631± 0.2252) K·g/kJ · Es . (4.22)
This equation implies a minimal Debye temperature of ≈ 39 K for a crystalline solid. In prin-
ciple, the specific energy can be interpreted as sound velocity using equation (4.20). However,
it would as well imply that at zero sound velocity the Debye temperature is 39 K which is in
contradiction to the theory expressed by equations (2.7) or (2.12). Therefore, correlations will
be only discussed in terms of the specific energy work and no additional interpretation related
to sound velocities will be made in the present work.
A plot of equation (4.22) is shown in figure 4.6b in comparison to the data of the elements,
intermetallics, oxides and halogenides listed in table 4.1. In case of elements, the agreement of
the calorimetric Debye temperatures with the predicted values is satisfactory. In comparison
to the correlations reported by [23, 24], no scaling factor is needed to account for the crystal
structure. The observed correlation applies also for most of the intermetallics and halogenides.
However, for some substances, the calculated Debye temperature using equation (4.22) differs
too much from the calorimetric one. The specific energy for Al is between 29 and 32 kJ/g,
which corresonds to a predicted Debye temperature between 462 and 508 K in comparison to
the calorimetric one of 390 K. These values of the specific energy differ as the reported values
for B0 are between 79.4 and 88.2 GPa [350]. The difference in Es for FeSi is even larger:
≈ 10 kJ/g. The lower value of Es = 29.9 kJ/g is based on experimental values whereas the ab-
initio based specific energy is 39.7 kJ/g. Here, the predicted Debye temperature of 474 K, for the
experimental FeSi, is much closer to the calorimetric one of 515 K than the Debye temperature
predicted for the ab-initio based FeSi, which is 617 K. Similar results were obtained for β-FeSi,
where Es is between 35 and 39.6 kJ/g. For the latter, all values are based on different DFT
methods. An error of 10 % can be estimated for ab-initio based values [356], which must be
taken into account by evaluating the observed correlation. To conclude, the predicted Debye
temperature is in most cases closer to the calorimetric one than the calculated value of ΘD,0.
Based on the substances listed in table 4.1, the correlation between ΘD,fit and Es can be used
to calculate the Debye temperature for substances where only the zero-Kelvin properties are
known.
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Prediction of B(T )
No correlation between m, the linear slope of B(T ), and other parameters like Tm, V0 or α
ΘD
V
was found. Therefore, a prediction of m can differ much from its true value. However, it was
found that B(T ) did not substantially influence the calculated cp of a material and a mean
value of m = −0.0204988 GPa/K can be used in most cases to obtain reliable results (compare
also with figure 4.1).
Prediction of αΘDV
A correlation between the thermal expansion coefficient αV at room temperature and the melt-
ing temperature Tm was reported long time ago as discussed in section 2.1. Here, the thermal
expansion coefficient at a more specific temperature - the calorimetric Debye temperature - is
used for correlation. A plot of α
ΘD,fit
V vs. the melting temperature of the elements is shown in
figure 4.7. An empirical equation was used to express the observed correlation for the elements
listed in table 4.1. From least square fitting,
α
ΘD,fit
V = −(234.183± 41.55) · 10−6/K
+(0.00143± 0.00592) · 10−6/K2 · Tm
+
(233.72± 30.42) · 10−6/K
e
(
(−191.496±9.779) K
Tm
) . (4.23)
was found. As it can be seen in figure 4.7, equation (4.23) gives reasonable values of αΘDV for the
noble gases Ar, Kr and Xe as well as for the refractories Ta, Re and W, which covers a range
of three magnitudes. It should be mentioned that the measured value of the thermal expansion
coefficient for elements with 20· 10−6/K ≤ αΘDV ≤ 150· 10−6/K are scattered around the calculated
line. Therefore, if experimental data on thermal expansion is available, it should be the basis
for a modelling of thermophysical properties. However, if only the melting temperature is
known, equation (4.23) can be used to predict αΘDV . Vice versa, the melting temperature can
be estimated with knowledge of the thermal expansion coefficient at the Debye temperature.
In a first assumption, the observed correlation is assumed to be true also in case of compounds.
A physical model of melting, based on the connection of the average thermal phonon vibration
and a harmonic vibration that seperates the atomic layers with the highest planar density at
Tm, was proposed by Garai (2010) [357]. He found the expression
Tm =
√
0.5 · n
2
· h · νB
kB · d(Tm) , (4.24)
with the harmonic n (n ∈ N∗), the Planck constant h, the bulk sound velocity νB =
√
B/ρ
and the distance between the vibrating atomic layers of highest planar density at the melting
temperature d(Tm). Therefore, combining the equations (4.23) and (4.24) will connect the low
temperature property αΘDV with phonon frequencies at the melting temperature.
Using the above mentioned equations, it is possible to estimate the melting point of a sub-
stance as follows. First, the calorimetric Debye temperature is estimated from appropriate cp
data. Second, with a volume information at T > 0 K, e.g. from a XRD measurement at room
temperature, the presented cp algorithm is used to estimate α
ΘD
V using the fitting approach.
The melting point can then be estimated using equation (4.23).
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Figure 4.6: a) Plot of calculated vs. calorimetric Debye temperatures. b) Linear correlation
between the calorimetric Debye temperature and Es = B0/ρ0.
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4.1.4 Evaluation of the cp algorithm
The calculated heat capacities of silver and tungsten using refined parameters of αΘDV , ΘD
and m are shown in comparison to experimental data in figures 4.8a and 4.8b, respectively.
In case of Ag, the experimental cp values are very well reproduced by the calculated ones up
to a temperature of ≈ 800 K. At higher temperatures, the measured cp of Ag is increasing
non-linearly. This can be related to the creation of thermal vacancies [33, 358]. However, the
creation of thermal defects is not included in the presented cp algorithm.
In case of W, the calculated cp reproduces well the experimental values up to room tempera-
ture. At higher temperatures, the evolution of cp differs much in comparison to the experimental
values, which can be explained as follows. The modelled cp − cV difference is calculated based
on the evolution of αV , V and B with temperature using equation (2.9), but ignoring other
possible contributions, e.g. from electrons or thermal vacancies. On the other side, the cp− cV
difference can be calculated based on experimental data of the mentioned parameters. This
was done for tungsten, where data on bulk modulus and V0 was taken from [350] and values of
αV were taken from [359,360]. The resulting cp values are plotted in figure 4.8b. It can be said
that the cp calculated by the model algorithm agrees very well with these values up to high
temperatures, which shows that the phonon contribution is correctly calculated.
In figure 4.8c, the modelled cp−cV difference of silver is compared to the calculated difference
of cexpp − ccalcV (ΘD = 215 K) and calculated values of α2V ·V ·B ·T based on experimental data of
αV [360], V [350,361,362] and B [350]. Again, the agreement of the modelled cp− cV difference
with the differences based on experimental data is very good. It can be concluded that as long
as the main contribution to the cp− cV difference are phonon vibrations expressed by equation
(2.9), the modelled cp is in good agreement with experiments up to high temperatures. However,
it should be mentioned that large additional cp contributions were found for the refractory
metals Zr, Hf, Ti, Mo, Nb, W, Re and Ta but also for Y. To calculate the measured heat capacity
of these elements, the reported cp contribution for the creation of thermal vacancies [33] must
be taken into account, which could be done using equation (2.30).
If purely predicted, the parameters V0, B0 and ΘD are based on a zero Kelvin ab-initio
calculation, which results can vary based on the used method [356]. It is therefore important
to know how the results of the cp algorithm will vary when the starting parameters differ by
±10 %. The heat capacity of silver was calculated five times based on the refined parameters,
but in each calculation one parameter was changed by 10 % (V0, B0 and α
ΘD
V ) or -10 % (m and
ΘD). The difference of heat capacity between each changed parameter set and the original one
is shown in figure 4.9a. It was found that the parameters V0, B0 and α
ΘD
V are most crucial
resulting in a 2 - 5 % increased cp value at T = 1500 K. The parameter α
ΘD
V has the largest
influence on the calculated heat capacity and should be estimated with care. Normally, the
parameters V0 and B0 must be accepted from ab-initio calculations if it is not possible to
compare with low-temperature experimental data. In figures 4.9b, 4.9c and 4.9d, the influence
of αΘDV on the respective calculated trends of αV , V and cp for Ag is shown. If αV is not
reproduced in a good manner, the calculated volume is also not correct and the term α2V · V is
over- or -underestimated resulting in a wrong heat capacity.
One aim of the present work was to predict thermophysical properties of a substance based
only on zero Kelvin properties for usage in a CALPHAD-type assessment. Therefore, the
calculated thermophysical properties based purely on prediction, as described above in section
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Figure 4.8: Calculated heat capacity of a) silver and b) tungsten in comparison to experimental
data (Ag: [363], W: [364]). c) Calculated cp − cV differences of silver.
42
4.1 Prediction of heat capacity
0 500 1000 1500
0
2
4
6
8
Ag
T in K
∆
c p
in
%
α
ΘD
V + 10% V0 + 10%
B0 + 10% m− 10%
ΘD − 10%
(a)
0 500 1000 1500
0
20
40
60
80
Ag
T in K
α
V
in
1
0
−
6
/K
α
ΘD
V ± 0%
α
ΘD
V ± 1%
α
ΘD
V ± 2%
α
ΘD
V ± 5%
α
ΘD
V ± 10%
Furukawa1972
(b)
0 500 1000 1500
10.2
10.4
10.6
10.8
11
11.2
Ag
T in K
V
in
c
m
3
/m
o
l
α
ΘD
V ± 0% αΘDV ± 1%
α
ΘD
V ± 2% αΘDV ± 5%
α
ΘD
V ± 10% Wern2004
(c)
0 500 1000 1500
0
10
20
30
Ag
T in K
c p
in
J /
K
·m
o
l
α
ΘD
V ± 0%
α
ΘD
V ± 1%
α
ΘD
V ± 2%
α
ΘD
V ± 5%
α
ΘD
V ± 10%
Furukawa1972
(d)
Figure 4.9: On the example of silver: a) Deviation of calculated cp with changing the parameters
αΘDV , B0, V0, m, ΘD by ten percent. Calculated trends of b) αV , c) V and d) cp
with changed αΘDV by ±1, ±2, ±5 and ±10 %.
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4.1.3, will be discussed next.
In figures 4.10a, 4.10b and 4.10c, the calculated trends of αV , V and cp of Ag based purely
on prediction are shown, respectively. As mentioned above, the parameter αΘDV is crucial for a
correct modelling of the thermophysical properties. The predicted Debye temperature of silver
is ΘD = 187.8 K in comparison to the calorimetric value of ΘD = 215 K, which leads to a slightly
larger cp at lower temperatures in comparison to the best refined parameter calculation. The
predicted value of αΘDV using equation (4.23) is α
ΘD
V = 39.88 · 10−6/K whereas the best refined
value is αΘDV = 54.40 · 10−6/K. Thus, the calculated volume and the corresponding cp are smaller
in case of pure prediction than the trends using the best refined parameters. As it can be seen
from the calculated trends in figure 4.10, the results based on pure prediction are not accurate
enough for usage in an assessment. It is therefore recommended to estimate αΘDV by the above
described fitting approach (see section 4.1.2) for the predicted Debye temperature. In case of
silver, this optimised value is αΘDV = 53.29 · 10−6/K. The corresponding trends are marked in
figure 4.10 as ’pred,opt’. These calculated values of αV , V and cp are almost identical to the
values using the best refined parameters and they are in very good agreement with reported
experimental data.
It can be concluded that the temperature trends of thermal expansion, volume and bulk
modulus can be calculated in a very good manner with the presented cp algorithm. The cp
is correct calculated as long as phonon vibrations are the main contribution to it. To obtain
good results, the parameter αΘDV should be estimated based on the fitting approach. Another
advantage is the calculation time in comparison to an ab-initio calculation. On a common CPU
(3.4 GHz), the calculations are finished within two minutes for a temperature range between 0 K
and 2000 K, which is fast enough to use it as a daily tool for a CALPHAD-type investigation.
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Figure 4.10: Calculated values of a) αV , b) V and c) cp for silver based on purely predicted
parameters (blue), predicted parameters with refined αΘDV (black dashed) and com-
pletely refined parameters of the cp algorithm (red).
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Table 4.1: Zero Kelvin properties of substances and, if possible, the derived value of α
ΘD,fit
V . Substances with a #-number were
taken from Wern (2004) [350]. Listed properties are based on data reported in the given reference after the substance
name and/or in the reference given after the specific value.
Substance
M in ρ0 in V0 in ΘD,fit α
ΘD,fit
V B0 in ν
ΘD,0 Es in
comment
g/mol g/cm3 cm
3
/mol in K in 10
−6
/K GPa in K kJ/g
Elements
Ag#11652 107.87 10.633 10.1448 215 [354] 54.4 [360] 108.7 0.345 245.32 10.2229 T = 0K
Al#10043 26.982 2.7333 9.8716 390 [363] 74.2 [360] 88.2 0.352 429.07 32.2687 T = 0K
Al#10071 26.982 2.7334 9.8712 390 74.2 79.4 0.335 431.59 29.0481 T = 0K
Al#10087 26.982 2.7390 9.8510 390 74.2 82.0 0.343 426.87 29.9379 T = 4K
Ar#10199 39.948 1.771 22.5567 81 [365] 2069 [366] 2.7 0.232 98.33 1.5246 T = 4.2K
Au#10556 196.97 19.492 10.1052 180 [354] 40.3 [360] 180.3 0.412 173.41 9.2499 T = 0K
Be#52441 9.012 1.8477 16.1983 960 [367,368] 63.2 [360] 115.6 0.041 1466.97 62.5643 T = 0K
Be [368] 9.012 1.9377 15.446 960 63.2 [360] 122.0 0.052 1470.68 62.9612 T = 0K
C(Diamond) [369] 12.011 3.5457 3.3875 1875 [363] 433.00
0.097 2122.52
122.1198 T = 0K
0.082 2173.72
C(Diamond) [369] 12.011 3.5457 3.3875 1875 [363] 443.62 [370] 0.089 [370] 2176.03 125.1149 T = 73K
C(Diamond) [371] 12.011 3.5048 3.4271 1811 442.8 0.081 2205.90 126.3410 T = 0K
Cd#52459 112.41 8.8415 12.7139 160 [372] 88.4 [360] 62.1 0.283 226.66 7.0237 T = 0K
Cs#10289 132.91 2.0 66.455 46 [363] 2.3 0.304 49.95 1.1500 T = 4.2K
Cu#10391 63.546 9.0305 7.0368 313 [364] 50.8 [360] 142 0.317 376.02 15.7245 T = 0K
Gd#52544 157.25 7.888 19.9353 144 [373] 18.1 [360] 40.5 0.247 181.91 5.1344 T = 4K
Hf#52555 178.49 12.773 13.9740 208 [363] 17.2 [360] 110.6 0.268 253.18 8.6589 T = 4.2K
In#52579 114.82 7.4713 15.3681 128 [363] 78.3 [360] 46.4 0.431 108.96 6.2104 T = 4.2K
Continued on next page
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Table 4.1 – continued from previous page
Substance
M in ρ0 in V0 in ΘD,fit α
ΘD,fit
V B0 in ν
ΘD,0 Es in
comment
g/mol g/cm3 cm
3
/mol in K in 10
−6
/K GPa in K kJ/g
K#11227 39.098 0.903 43.2979 98 [363] 177.9 [374] 3.7 0.282 115.36 4.0975 T = 4.2K
Kr 83.798 3.1058 26.9815 [375] 65 [363] 945.7 [360] 3.45 [351] 1.1108 T = 4.25K
Li [376] 6.941 0.5683 12.2146 380 [363] 158.8 [377] 14.04 0.330 376.79 24.7053 T = 0K
Mg#52584 24.305 1.7752 13.6914 323 [372] 79.3 [360] 36.9 0.276 387.23 20.7864 T = 0K
Mo#10980 95.96 10.2622 9.3508 380 [378] 15.5 [360] 265.3 0.289 474.29 25.8522 T = 0K
Nb#11125 92.906 8.5938 10.8108 280 [363] 21.07 [360] 173.0 0.387 285.00 20.1308 T = 4.2K
Pb#10683 207.2 11.59 17.8775 91 [363] 75.29 [360] 48.8 0.372 117.71 4.2105 T = 0K
Pd#11207 106.42 12.069 8.8173 274 [363] 34.43 [360] 195.5 0.373 291.00 16.1985 T = 0K
Pt#11223 195.08 21.62 9.0231 230 [379,380] 25.76 [360] 288.4 0.392 240.63 13.3395 T = 0K
Re#52644 186.21 21.0240 8.8570 274 [363] 17.61 [360] 367.8 0.279 407.67 17.4929 T = 4.2K
Re#52660 186.21 21.1207 8.8165 274 [363] 17.61 371.5 0.278 410.44 17.5894 T = 4K
Ru#52681 101.07 12.3875 8.1590 380 [363] 21.06 [360] 315.2 0.239 555.27 25.4450 T = 4K
Si#11647 28.086 2.332 12.0437 645 [381] 11.72 [360] 99.2 0.219 658.12 42.5386 T = 77.2K
Sn(white)#22234 118.71 7.38 16.0854 163 [363] 56.01 [360] 57.9 0.305 208.76 7.8455 T = 4.2K
Sn(β) [376] 118.71 7.5282 15.7682 163 [363] 56.01 60.96 0.361 177.82 8.0972 T = 0K
Ta#11912 180.95 16.7129 10.8270 225 [382] 19.10 [360] 194.2 0.331 268.14 11.6198 T = 0K
Ti#52720 47.867 4.5225 10.5842 355 [383] 27.4 [360] 110 0.301 427.36 24.3228 T = 4K
Tl#52713 204.38 11.8170 17.2954 96 [384] 70.47 [360] 38.2 0.407 88.20 3.2326 T = 4.2K
V#12079 50.942 6.034 8.4425 375 [385] 157.0 0.356 400.01 26.0192 T = 0K
W#12040 183.84 19.3204 9.5153 315 [364] 13.63 [360] 314.1 0.278 384.68 16.2574 T = 0K
Continued on next page
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Substance
M in ρ0 in V0 in ΘD,fit α
ΘD,fit
V B0 in ν
ΘD,0 Es in
comment
g/mol g/cm3 cm
3
/mol in K in 10
−6
/K GPa in K kJ/g
Xe 131.29 3.7827 34.7083 [386] 57 [363] 599 [360] 3.6 [351] 0.9517 T = 0K
Y#52745 88.906 4.499 19.7613 208 [363] 26.94 [360] 42.3 0.228 257.40 9.4021 T = 4.2K
Zn#52769 65.38 7.281 8.9795 233 [363] 88.09 [360] 80.4 0.238 355.07 11.0424 T = 4.2K
Zr#52788 91.224 6.528 13.9743 252 [363] 16.53 [360] 97.3 0.310 297.29 14.9050 T = 4K
Compounds - Intermetallics
Fe5Si3 [387] 45.4354 7.2765 6.2441 433 [388] 281.6 0.26 713.64 38.6999 T = 0K
FeSi [387] 41.9655 6.7262 6.2391 515 [389] 267 0.21 806.35 39.6955 T = 0K
FeSi (exp) [390] 41.9655 6.2221 6.7446 [391] 515 [389] 185.93 0.2145 675.45 29.8822 T = 4K
α-FeSi2 [387] 37.339 5.2090 7.1682 540 [389] 223 0.19 831.77 42.8105 T = 0K
β-FeSi2-LDA [392]
37.339
5.0825 7.3466
630 [393]
194.5 0.209 751.27 38.2686 p = 0GPa
β-FeSi2-GGA [392] 4.9442 7.5521 172.8 0.199 725.74 34.9500 T = 0K
β-FeSi2 [387] 37.339 5.1829 7.2043 630 [393] 205 0.18 813.51 39.5531 T = 0K
γ-TiAl [394] 37.4245 1.9176 19.5163 608 110.69 0.26 596.11 57.7232 T = 0K
Compounds - Oxides
Al2O3#62815 20.3922 3.9929 5.1071 950 [341] 252.4 0.227 1050.04 63.2122 T = 0K
Compounds - Halogenides
CsBr#10294 106.407 4.5992 23.1360 131 [395] 18.0 0.253 149.08 3.9137 T = 4.2K
CsI#10356 129.905 4.712 27.5690 103 [396] 14.2 0.235 161.86 3.0136 T = 4.2K
KCl#11280 23.2755 2.0290 11.4714 228 [397] 19.7 0.237 387.45 9.7092 T = 4.2K
KF#11344 29.048 2.53 11.4814 320 [398] 34.2 0.251 442.93 13.5179 T = 4.2K
KF#11346 29.048 2.5858 11.2337 320 35.1 0.261 436.80 13.5741 T = 4.2K
Continued on next page
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Table 4.1 – continued from previous page
Substance
M in ρ0 in V0 in ΘD,fit α
ΘD,fit
V B0 in ν
ΘD,0 Es in
comment
g/mol g/cm3 cm
3
/mol in K in 10
−6
/K GPa in K kJ/g
KI#11361 82.999 3.169 26.1909 148 [397] 12.7 0.226 193.58 4.0076 T = 4.2K
LiF#10800 12.9695 2.64 4.9127 840 [399] 69.9 0.188 938.37 26.4773 T = 4.2K
CaF2#10219 26.0247 3.2107 8.1056 490 [400] 95.3 0.295 524.55 29.6820 T = 4.2K
NaCl#11828 30.2215 2.2159 13.6385 278 [397] 27.4 0.239 410.93 12.3652 T = 4.2K
NaCl#11832 30.2215 2.2170 13.6317 278 26.6 0.234 409.31 11.9982 T = 4K
NaCl#11843 30.2215 2.1669 13.9469 278 27.4 0.240 411.56 12.6448 T = 4.2K
NaF#11850 20.994 2.8510 7.3637 433 [395] 51.4 0.226 626.73 18.0288 T = 4K
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4.2 Assessment of thermophysical properties of Al-Fe-Si
intermetallics
In this section, the strength of the presented cp algorithm will be shown on calculated examples
of phases which were investigated for the present work. In particular, the phases ε and η of
the Al-Fe system and τ4 from the Al-Fe-Si system were studied experimentally and by DFT
calculations in cooperation with the group of Prof. Kortus (Institute of Theoretical Physics,
TU Bergakademie Freiberg).
4.2.1 η (Fe2Al5)
Ground state properties of η were obtained by DFT calculations as reported by Zienert et
al. (2016) [37]. The parameters V0 = 8.6431 cm
3/mol, B0 = 125.7 GPa, m = −0.020871 GPa/K
and αΘDV = 30 · 10−6/K were used as input parameters for the cp algorithm. The Debye tem-
perature ΘD = 484 K was taken based on experimental data (see section 4.4.2). It should
be mentioned that the calculated V0 value is larger than the experimentally determined one
at room temperature of V = 8.2087 cm3/mol reported by Burkhardt et al. (1994) [401]. The
reason is that for the DFT calculation an approximant structure was used in order to obtain
thermophysical properties of η at T > 0 K. With that, for example, the partial occupied lattice
sites of the structure could not be represented. Therefore, the results of prediction based on
the cp algorithm will be only compared with the DFT results as it can be seen in figure 4.11.
The prediction gives an almost constant αV at higher temperatures whereas the calculated αV
based on DFT calculations is increasing with temperature (see figure 4.11a). In figure 4.11b,
the predicted heat capacity is compared with the cp values of the DFT calculation, which have
contributions from phonons and electrons, and only from phonons. It can be seen that the pre-
dicted cp is reproducing the phonon-only cp of the DFT calculation in a good manner, which
confirms the reliability of the results calculated by the cp algorithm as it was discussed above
in section 4.1.4.
4.2.2 ε (Fe5Al8)
The crystal structure of ε was determined by Stein et al. (2010) [402] and by Vogel et al. (2010)
[403]. Based on these data, DFT calculations were done at T = 0 K for ε by Amirkhanyan and
Kortus (2016) [404]. The parameters B0 = 162.85 GPa and V0 = 7.7902 cm
3/mol were obtained.
From that, Es = 33.3123 kJ/g and with equation (4.22) ΘD = 524 K were calculated, which are
in the expected range for intermetallic phases (see table 4.1). αΘDV = 53.47 · 10−6/K was obtained
by the fitting approach using the reported volume data [403] between the temperatures 1373
and 1393 K with m = −0.02 GPa/K. For comparison, the parameters αΘDV and V0 were refined at
the same time in a second calculation resulting in αΘDV = 51.01· 10−6/K and V0 = 7.82053 cm3/mol.
With these parameters, the reported volume data is slightly better reproduced by the calculated
values. The increased value of V0 by ≈ 0.39 % is within the expected error of the ab-initio
calculation [356]. The calculated trends of αV , V and cp for both parameter sets are shown
in figure 4.12. In both cases, the reported volume [403] is reproduced in a good manner as
shown in figure 4.12b. αV is larger in case of V0 = 7.7902 cm
3/mol (see figure 4.12a), which
results in a larger heat capacity at higher temperature (see figure 4.12c). The calculated cp
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Figure 4.11: Calculated trends of a) αV and b) cp for η (Fe2Al5) based on calculated parameters
by DFT in comparison to the results of the DFT calculations [37].
values are compared in section 4.8.4 with the measured cp of ε obtained in the present work
(see section 4.4.2).
4.2.3 τ4 (FeAl3Si2)
The ground state properties V0 = 8.72086 cm
3/mol and B0 = 120 GPa of τ4 were reported by
Amirkhanyan et al. (2014) [308] as well as calculated trends of αV and cp with temperature.
A calorimetric Debye temperature of 485 K was obtained from the reported cp values and a
refined value of αΘDV = 42.86 · 10−6/K from fitting to the reported volume [405] at T = 294 K
with m = −0.02 GPa/K.
The melting point of τ4 is in the temperature range between 1073 K and 1123 K (see section
4.4.3). With equation (4.23), a value of αΘDV = 46.03 · 10−6/K is predicted for the lowest melting
temperature. The predicted value for ΘD is 512.79 K and the refined α
ΘD
V value for this Debye
temperature is 44.70 · 10−6/K. It can be concluded that the predicted values are close to best
refined values in case of the intermetallic phase τ4. To indicate again, the prediction of the
thermal expansion coefficient is based on a correlation found for the elements that is, up to
now, not proved for intermetallics due to the lack of data.
Calculated trends of V and cp based on the predicted Debye temperature are shown in figure
4.13 in comparison to the reported DFT data. It can be seen that the predicted cp is almost
identical to the reported values based on ab-inito calculation. Above the melting point of τ4, the
cp from DFT calculation is decreasing whereas the predicted cp is increasing with temperature.
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Figure 4.12: Calculated trends of a) αV , b) V and c) cp for ε (Fe5Al8) based on predicted
parameters with refined αΘDV , and with refined α
ΘD
V and V0 of the cp algorithm.
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Figure 4.13: Calculated trends of a) V and b) cp for τ4 (FeAl3Si2). cp values are compared with
the result of the DFT calculation [308].
4.3 Reliability of HT-cp measurements
Accuracy and reproducibility of high temperature DSC measurements on platinum up to 1673 K
were discussed in [340], which shows that an increasing noise and uncertainty can be expected
at temperatures above 1200 K.
The accuracy of the continuous cp-measurement method using the chosen setup of the DSC
404C Pegasus up to 1473 K will be discussed. The possible trueness and precision of the
DSC 404C at high temperatures is evaluated by cp measurement of sapphire, corrundum and
platinum.
4.3.1 HT-cp measurements of Al2O3 and Pt
The heat capacity of sapphire was determined in the temperature range between 1177 K and
1473 K using the same sapphire disc for both as reference and sample substance. The DSC was
not opened between the reference and the sample run. In that way, the usual influences like
removing the platinum lid, touching the crucible during change of the sample and differences
in cp and heat transfer coefficients between sample and reference material were excluded from
the measurement. It was assumed as the most ideal setup that is possible to achieve. The
results should give a lower limit of uncertainty of the used DSC. In figure 4.14a, the determined
cp values are shown. Mean cp values were calculated in steps of 5 K and the corresponding
values of standard deviation σ are shown as well as the difference between mean cp values of
the sapphire sample and the standard cp as given by Gatta el al. (2006) [341]. The calculated
standard deviation is between 0 and 0.3 % of the cmeanp values. The difference between the
measured cp and the standard one increases up to 0.6 % of c
std
p at higher temperatures.
In a second experiment, the heat capacity of a standard corrundum sample was measured
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Figure 4.14: Determined heat capacity, standard deviation of the mean value and calculated
difference betweem the mean value and standard cp of a) sapphire and b) corrun-
dum.
with using the sapphire disc as reference material. Now, the DSC must be opened after each
run and the platinum lead was removed for sample change. The chosen setup remains relatively
ideal, because the expected cp of multicrystalline corrundum should not differ too much from
that of sapphire. Only the heat transfer in corrundum is expected to differ due to the existence
of grain boundaries in the corrundum sample. The results of the second measurement can be
seen in figure 4.14b. The calculated σ values are almost doubled reaching up to 0.6 % of cmeanp .
The calculated deviation to standard values are between -0.2 and -0.6 % of cstdp , which results in
the same absolute deviation as in case of the first experiment. It can be concluded that under
ideal circumstances, values of σ below 1 % of the mean value and a trueness within 1 % of the
real value can be achieved with the chosen setup of the DSC.
The accuracy of the high-temperature DSC measurements were further studied by cp mea-
surements of platinum (purity 99.99 %, Alfa Aesar, Germany) between temperatures of 573 K
and 1473 K. The sample had the same size as the sapphire reference material, which is a di-
ameter of 5 mm and a height of 1 mm and its mass was 408.75 mg. First, the measurements
were done in only one temperature interval and secondly, the temperature range was divided in
smaller intervals to 573 K-923 K, 873 K-1123 K, 1073 K-1273 K, and 1223 K-1473 K. In this work,
the two methods will be called long-range (LR) and short-range (SR) approach, respectively.
In all cases, the measurements were made twice and the mean values of cp were calculated from
all obtained values between 573 K and 1473 K.
Measured cp values of Pt using the LR and SR approach are shown in figures 4.15a and
4.15b, respectively, in comparison to the accepted reference heat capacity of Pt cPtp,ref [406]. It
can be said that the accepted standard cp is within ±3 % of the mean values of both approaches.
In case of the long-range measurement, the difference to cPtp,ref reaches a maximum of ≈ 2.8 %
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around T = 1180 K, whereas the short-range values are always within ±1 % of the standard cp.
In figure 4.15c, results of both approaches are compared. The standard deviation reaches 0.9 %
of cmeanp for the LR values, whereas in case of the SR values σ is nearly constant and always
≤ 0.5 %.
To summarise, it can be said that the DSC 404C can be used for heat capacity measure-
ments up to 1473 K without compromises on trueness and precision as long as the short-range
approach is used. Heat capacity measurements were made up to a temperature of 1620 K in
this work in case of B2-AlFe alloys and the determined cp values are in very good agreement
with reported literature values (see section 4.4.1), which were measured by high-temperature
adiabatic calorimetry.
4.4 cp measurements in the systems Al-Fe and Al-Fe-Si
4.4.1 Heat capacity of B2 samples in the Al-Fe system
The microstructure of the three samples with 35, 40 and 45 at.% Al were investigated using SEM
after the cp measurements. During these measurements with heating close to the respective
melting points of the samples, grain growth occured in all samples resulting in grains with
diameters of a few millimetre. The microstructure of all samples looked very similar and
therefore, only the SEM micrograph of the 40 at.% Al sample is shown as an example for all
three samples in figure 4.16.
The temperature of the A2→ B2 transition was determined for the samples of 35 at.% Al and
40 at.% Al to be 1456 K and 1555 K, respectively, which is in a very good agreement with the
temperatures reported by Stein and Palm (2007) [57] (1456 K and 1560 K). The corresponding
DSC signals of the transition can be seen in figure 4.17. The amount of possible ordered atoms
in B2 structure is increasing from 0 at.% Al to 50 at.% Al. The heat of the A2/B2 transition is
dependent on the amount of atoms that disorder on heating. Therefore, it can be expected that
the heat of the order/disorder reaction, and thus cp, will increase with increasing aluminium
content [346]. The measured heat capacity of the 35 at.% Al and the 40 at.% Al sample is
shown in figures 4.18a and 4.18b, and listed in tables 4.2 and 4.3, respectively. Heat capacity
of the lambda transition reached a maximum value of 54.73 J/K·mol at T = 1453 K for the
composition of 35 at.% Al and a maximum value of 86.27 J/K·mol at T = 1552 K for the 40 at.%
Al composition, which is in agreement with the expected behaviour.
The heat capacity of the 45 at.% Al sample is shown in figure 4.18c and listed in table 4.4.
The cp values increase almost linear with temperature up to T = 1000 K. Above, a non-
linear increase of cp was observed. It can be related with the beginning of the order/disorder
transition. It should be noted that an increase of thermal vacancies in B2 samples with high
aluminium content is reported in literature for this temperatures too, e.g. for a 43 at.% Al
sample [177]. This would give a contribution to cp as well [33]. The findings will be discussed
in more detail in section 4.7.2.
A DSC is rarely used for cp measurement above T = 1400 K [338,339] and there is discussion
about the accuracy of data obtained using this device at high temperatures [340]. The heat
capacity of B2 was measured up to a temperature of 1620 K. An error of three to five percent
is normally expected up to a temperature of 1400 K, which is expected to further increase with
increasing temperature.
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Figure 4.15: Measured cp of platinum in comparison to c
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p,ref [406] using a) the LR approach
and b) the SR approach. c) Comparison of the measured cp of platinum using the
SR and LR approach together with the corresponding standard deviation of the
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40.00 at.% Al
1 mm
Figure 4.16: SEM micrograph (BSE contrast) of the 40 at.% Al sample after cp measurement.
1300 1400 1500 1600
−0.12
−0.1
−0.08
−0.06
−0.04
T
A
2
/
B
2
=
1
4
5
6
K
T
A
2
/
B
2
=
1
5
5
5
K
←
−
e
n
d
o
th
e
rm
ic
T in K
D
S
C
in
µ
V
/m
g
40 at.% Al
35 at.% Al
Figure 4.17: DSC signal of the B2 → A2 transition of B2-FeAl alloys with 35 at.% Al and
40 at.% Al.
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Table 4.2: Measured cp of B2 (35.0 at.% Al) with T in K and cp in J/K·mol.
T cp T cp T cp T cp T cp T cp
120 14.86 300 25.55 1040 35.32 1310 40.58 1480 39.79 1605 37.01
130 16.18 690 31.82 1050 35.28 1340 41.76 1490 39.24 1615 37.16
140 17.31 750 32.19 1070 35.62 1350 42.29 1510 38.49 1625 37.03
150 18.32 850 32.99 1080 35.65 1370 43.4 1520 38.39 1635 37.26
160 19.22 880 33.42 1145 36.63 1390 44.74 1535 38.27 1645 37.66
170 20.01 910 33.72 1185 37.33 1405 45.92 1545 38.08 1655 37.77
180 20.69 930 33.97 1200 37.56 1425 47.94 1555 37.82 1665 37.68
190 21.32 945 34.15 1225 38.11 1435 49.37 1565 37.55 1670 38.03
220 22.87 970 34.45 1240 38.45 1445 51.48 1575 37.2
240 23.7 1005 34.81 1275 39.31 1453 54.73 1585 37.29
270 24.71 1025 35.1 1300 40.24 1470 40.69 1595 37.45
The results obtained in the present work for the samples with 35 at.% Al and 45 at.% Al are
compared in figures 4.18a and 4.18c with literature data from Inden and Pepperhoff (1990) [67]
determined using high-temperature adiabatic calorimetry. A similar calorimeter, as presently
used, was also previously used for heat capacity measurements up to 1273 K on a Fe-40 at.%
Al alloy by Reddy and Deevi (2000) [69] (see 4.18b). The values from this work agree within
three percent with the reported ones from literature [67, 69], which is within the expected
experimental uncertainty.
It should be mentioned that the maximum temperature for cp measurements of the Al-rich
intermetallics was T = 1423 K (see section 4.4.2). In the temperature range from T = 600 K to
this temperature, a very good agreement of cp values of B2 with the reported ones in [67] was
found. Therefore, it can assumed that the cp of the Al-Fe intermetallics was determined with
an acceptable accuracy within the present work.
4.4.2 cp of intermetallics of the Al-Fe system
SEM micrographs of the ζ-, η- and θ-phase samples after cp measurement or annealing are
shown in figures 4.19a, 4.19b and 4.19c, respectively. Only the η-phase sample was found to
be single phase. In the ζ- and θ-phase samples traces of η were observed. The amount of
phases was determined by a digital grey-value analysis in case of the ζ-phase sample and from
a measurement of an EBSD map in case of the θ-phase sample. Graphical results of both
methods are also shown in overlays in figures 4.19a and 4.19c. The determined volumetric
amounts of each phase were calculated to atomic amounts from reported densities at room
temperature of ζ [407] (ρ = 4.41 g/cm3, M(Al0.6626Fe0.3374) = 36.72 g/mol), η [401] (ρ = 4.21 g/cm3,
M(Al0.7368Fe0.2632) = 34.58 g/mol) and θ [408] (ρ = 3.85 g/cm3, M(Al0.764Fe0.236) = 33.79 g/mol).
For the ζ-phase sample, the volumetric amount of η was determined to 9.6 % corresponding
to 13.3 at.%. In case of the θ-phase sample, the amounts were 1.7 % and 1.8 %, respectively.
An order/disorder transition was observed for the η-phase, which will be discussed in detail in
section 4.5.2. The ordered and disordered phase will be denoted as HT- und LT-η, respectively,
in this work.
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Figure 4.18: Measured cp of B2 a) 35.0 at.% Al in comparison with experimental work from
Inden and Pepperhoff (1990) [67]: 35.5 at.% Al, b) 40.0 at.% Al in comparison
with results from Reddy and Deevi (2000) [69] and c) 45.0 at.% Al in comparison
with experimental work [67].
59
4 Results
Table 4.3: Measured cp of B2 (40.0 at.% Al) with T in K and cp in J/K·mol.
T cp T cp T cp T cp T cp T cp
115 13.62 285 24.62 915 32.58 1130 35.5 1410 43.14 1552 86.27
125 15.05 310 25.29 955 32.97 1150 35.75 1430 44.59 1560 48.9
135 16.23 345 26.06 970 33.22 1170 36.03 1450 46.36 1570 46.11
145 17.3 395 26.96 985 33.3 1180 36.19 1465 47.94 1580 45.36
155 18.28 440 27.62 1000 33.53 1230 37.14 1475 49.21 1595 44.69
165 19.15 675 30.63 1025 33.89 1245 37.37 1490 51.2 1610 44.47
175 19.89 720 31.13 1040 34.23 1280 38.19 1500 53.05 1620 44.24
190 20.84 810 31.86 1050 34.26 1300 38.73 1510 55.41
200 21.42 840 32.1 1070 34.74 1320 39.29 1520 58.14
215 22.04 855 32.24 1080 34.81 1350 40.32 1530 61.96
230 22.71 865 32.25 1090 35.08 1370 41.11 1540 67.46
250 23.48 875 32.32 1110 35.33 1395 42.29 1550 78.59
Table 4.4: Measured cp of B2 (45.0 at.%) Al with T in K and cp in J/K·mol.
T cp T cp T cp T cp T cp T cp
665 29.09 935 31.81 1045 32.86 1135 34.16 1280 35.97 1415 40.08
725 29.59 950 32.21 1065 33.47 1165 34.53 1340 37.37 1430 40.86
825 30.29 960 32.41 1085 33.8 1195 34.98 1365 38.1 1440 41.42
850 30.61 985 32.68 1095 34.03 1235 35.52 1380 38.47 1450 42.09
895 31.07 1005 32.76 1105 34.04 1245 35.48 1390 38.94 1465 43.21
915 31.36 1035 33.13 1125 34.08 1270 35.93 1400 39.46 1470 43.69
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Figure 4.19: SEM micrographs (BSE contrast) of the a) ζ-phase sample showing two phases
ζ+ η after cp measurement. Result of the digital grey-value analysis is shown
in the overlay (9.6 vol.% η+ 90.4 vol.% ζ), b) η-phase sample showing large single
phase grains of η after cp measurement and c) θ-phase sample showing two phases
η+ θ after annealing at 918 K. Result of the EBSD analysis (phase contrast) is
shown in the overlay: 1.7 vol.% η (pink) + 98.3 vol.% θ (green) as well as indexed
EBSD pattern of that phases.
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The heat capacity of the intermetallic phases ζ, (LT, HT)-η and θ was measured between
120 K and the respective melting points. The Debye temperature was extracted from low
temperature cp data using equation (2.4) as discussed in section 4.1.2 and the experimental
data was fitted using the procedure described in section 3.3. Fitted cp parameters are listed in
table 4.5 beside obtained ΘD and values of S
298.15 estimated with
S298.15 =
∫ 298.15
0
cp
T
dT . (4.25)
In figure 4.20, the experimentally determined cp is shown together with obtained cV and merged
cp polynomals in comparison to the corresponding cp values using the Neumann-Kopp approach.
A non-linear increase of cp was found in all samples at temperatures above 1200 K, e.g. ap-
proaching to the melting temperature. The non-linear increase is assumed to originate from
the creation of thermal vacancies before melting. Appearance of thermal vacancies was also
discussed in [4] as an explanation for the shifting of the homogeneity ranges of ζ, η and θ to
more Fe-rich compositions with increasing temperature. Therefore, a cp function accounting
equation (2.30) was fitted to measured cp values to calculate the contribution of thermal va-
cancy formation to cp at high temperature ranges. The obtained parameters are also listed in
table 4.5. The additional fraction of thermal vacancy xth,vac at the melting points of the phases
ζ, HT-η and θ (Tm(ζ) = 1418 K, Tm(HT-η) = 1431 K, and Tm(θ) = 1423 K [5]) were calculated
to 4.7·10−3, 1.7·10−3 and 6.9·10−3, respectively, which are in a good agreement with reported
vacancy fractions of elements with similar melting points, e.g. Ag and Cu [33, page 173]. The
calculated evolution of xth,vac of the three intermetallic phases is shown in figure 4.21b between
T = 600 K and the respective melting points. The obtained enthalpy of formation of thermal
vacancies in ζ, η and θ are 156 ± 4, 181 ± 3 and 95 kJ/mol ± 2 kJ/mol, respectively, where the
second number is the corresponding asymptotic standard error of the least square fit. The
values for Hf are in the reported range of values [33, page 164] for Au (96 kJ/mol), Pt (154 kJ/mol
and Rh (183 kJ/mol). These values should be compared to experimental values of structural
similar intermetallic phases. However, such experimental investigations on intermetallic phases
are rarely found.
In case of the ζ- and the θ-phase sample, the measured heat capacity has contributions from
small amounts of the η-phase. For the ζ-phase sample, its amount was the highest and the
corresponding (estimated) cp contribution, based on the results of the grey-value analyis, was
taken into account during the fitting procedure. The calculated differences to the presented cp
values of ζ were within the expected experimental error of the device and the used method of
measurement. The determined heat capacity of the intermetallics presented in figure 4.21a is
almost the same up to a temperature of ≈ 1100 K. The influence of a second phase to cp is
therefore expected to be rather small. In addition, the homogeneity ranges of the intermetallic
phases are shifted to more Fe-rich compositions with increasing temperature [4, 5]. In case of
the θ-phase sample, the amount of the second phase will decrease with increasing temperature
due to the shifting of the solubility range. It was therefore assumed that in both samples the cp
contribution of the second phase can be ignored and that the presented values are close to the
cp of single phase samples. This assumption is also confirmed by the fact that the determined
temperatures of beginning of thermal defect formation are different for all three samples as it
can be seen from the plots in figure 4.21.
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The heat capacity of ε was (60.88 at.% Al) measured between the temperatures 1395 K and
1455 K. A non-linear increase in cp was not observed for ε. The determined values are shown
in figure 4.22 and listed in table 4.9.
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Table 4.5: Fitted parameters of the cp-equations (2.4), (2.28) and (2.30) and derived thermodynamic properties of the inter-
metallic phases ζ, η and θ of the Al-Fe system.
phase
T
parameters
ΘD S298.15
in K in K in J/K
ζ
0 ≤ T < 140 cp1 = D(ΘD)
455 24.45
140 ≤ T ≤ 150 (T−140/10) · cp2 + (1− (T−140/10)) · cp1
150 < T
cp2 = f(a = 22.7424, b = 0.00698959, c = −164871,
AS = 2518.74, Hf = 155519)
LT-η-mean
0 ≤ T < 127 cp1 = D(ΘD)
484 23.00
127 ≤ T ≤ 160 (T−127/33) · cp2 + (1− (T−127/33)) · cp1
160 < T < 205 cp2 = f(a = 16.4879, b = 0.0269111, c = −106590)
205 ≤ T ≤ 210 (T−205/5) · cp3 + (1− (T−205/5)) · cp2
210 < T ≤ 470 cp3 = f(a = 22.3764, b = 0.00804921, c = −192643)
HT-η-mean 645 ≤ T cp = f(a = 23.2423, b = 0.00622397, AS = 6662.5, Hf = 180940)
θ
0 ≤ T < 120 cp1 = D(ΘD)
469 23.65
120 ≤ T ≤ 125 (T−120/5) · cp2 + (1− (T−120/5)) · cp1
125 < T < 155 cp2 = f(a = 12.3727, b = 0.0465782, c = −72956.1)
155 ≤ T ≤ 160 (T−155/5) · cp3 + (1− (T−155/5)) · cp2
160 < T < 245 cp3 = f(a = 18.8687, b = 0.0183714, c = −187018)
245 ≤ T ≤ 250 (T−245/5) · cp4 + (1− (T−245/5)) · cp3
250 < T < 293.15 cp4 = f(a = 22.1534, b = 0.00914904, c = −187018)
293.15 ≤ T ≤ 298.15 (T−293.15/5) · cp5 + (1− (T−293.15/5)) · cp4
298.15 < T
cp5 = f(a = 25.3674, b = 0.00309921, c = −326455,
AS = 20.6437, Hf = 94704.3)
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Table 4.6: Measured cp of ζ (FeAl2) with T in K and cp in J/K·mol.
T cp T cp T cp T cp T cp T cp
120 13.38 300 23.18 580 26.31 760 27.78 1055 30.09 1290 34.01
130 14.52 335 23.83 590 26.36 770 27.84 1070 30.28 1310 34.48
140 15.54 345 23.84 620 26.67 780 27.96 1080 30.45 1320 34.48
150 16.45 380 24.3 630 26.58 790 28.05 1115 30.84 1330 34.67
160 17.28 405 24.59 645 26.67 810 28.2 1130 31.02 1350 35.54
170 17.99 430 24.88 655 26.75 820 28.12 1140 31.06 1370 36.69
180 18.66 440 25.08 670 26.85 870 28.49 1150 31.22 1385 37.72
195 19.53 450 25.11 680 26.87 915 28.86 1170 31.52 1405 39.57
210 20.27 495 25.49 700 27.24 955 29.17 1180 31.59 1410 40.17
230 21.15 510 25.67 710 27.36 965 29.29 1195 31.91
245 21.71 525 25.79 720 27.54 1020 29.83 1220 32.34
270 22.45 550 26.02 740 27.65 1045 30.08 1275 33.56
4.4.3 cp of τ4 (FeAl3Si2)
The τ4-phase sample was studied by DTA and DSC measurements up to a temperature of
1373 K as it can be seen in figure 4.23a. Several solid-solid phase transitions were observed up
to a temperature of 880 K and the DTA signal showed two larger melting signals between 1073 K
and 1180 K. According to [286], τ4 should form peritecticaly at T = 1148 K, which is in good
agreement with the peak temperature of the first melting signal. However, depending on sample
composition, the melting of τ4 can be finished below this temperature. The estimated onset
temperature of the first melting signal is 1133 K. Therefore, a melting range of τ4 for the used
sample between the temperatures 1073 K and 1133 K can be assumed. The temperature range
between the solid-solid and the melting reactions was assumed to be the stable temperature
range of single phase τ4. This was checked by the following experiment. A τ4-phase sample was
annealed at T = 973 K for 16 h under Ar atmosphere and then quenched into water. The sample
was then powdered and characterised by XRD. All observed peaks could be identified as τ4-
phase (FeAl3Si2) reflections using the structure model reported by Gueneau et al. (1995) [405].
The lattice parameters a = 6.1119(1) A˚ and c = 9.5070(3) A˚ were obtained from Rietveld
refinement, which results are shown in comparison to the measured intensities in figure 4.24.
After verification of the single phase temperature range of τ4, its cp was measured between
883 K and 1033 K.
Values of the obtained heat capacity are listed in table 4.10 and are compared in figure 4.23b
with the reported cp obtained using DFT calculations by Amirkhanyan et al. (2014) [308]. The
calculated cp values of τ4 agree very well with the measured ones.
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Table 4.7: Measured heat capacity of η-AlFe with T in K and cp in J/K·mol.
T cp T cp T cp T cp T cp T cp
LT-η 285 22.32 455 25.11 790 28.13 960 29.23 1230 31.22
120 12.47 290 22.44 460 25.19 795 28.17 965 29.25 1235 31.27
125 13.06 295 22.56 465 25.26 800 28.2 970 29.3 1240 31.34
130 13.64 300 22.68 470 25.33 805 28.23 975 29.34 1245 31.41
135 14.19 305 22.79 HT-η 810 28.27 980 29.37 1250 31.48
140 14.71 310 22.9 645 27.27 815 28.31 985 29.4 1255 31.52
145 15.22 315 23.01 650 27.3 820 28.34 990 29.43 1260 31.58
150 15.7 320 23.1 655 27.32 825 28.37 995 29.44 1265 31.63
155 16.17 325 23.14 660 27.36 830 28.4 1000 29.48 1270 31.71
160 16.62 330 23.23 665 27.38 835 28.44 1005 29.52 1275 31.8
165 17.04 335 23.33 670 27.4 840 28.48 1010 29.56 1280 31.87
170 17.45 340 23.41 675 27.42 845 28.51 1015 29.57 1285 31.95
175 17.83 345 23.5 680 27.42 850 28.54 1020 29.59 1290 32.01
180 18.2 350 23.6 685 27.45 855 28.58 1025 29.61 1295 32.08
185 18.44 355 23.69 690 27.48 860 28.61 1030 29.63 1300 32.16
190 18.69 360 23.77 695 27.52 865 28.65 1035 29.66 1305 32.25
195 18.93 365 23.85 700 27.55 870 28.68 1040 29.7 1310 32.3
200 19.18 370 23.94 705 27.6 875 28.72 1045 29.73 1315 32.43
205 19.43 375 24.02 710 27.63 880 28.75 1050 29.79 1320 32.49
210 19.67 380 24.1 715 27.67 885 28.78 1055 29.82 1325 32.6
215 19.92 385 24.16 720 27.7 890 28.81 1060 29.85 1330 32.72
220 20.17 390 24.24 725 27.73 895 28.84 1065 29.88 1335 32.79
225 20.38 395 24.31 730 27.77 900 28.87 1070 29.9 1340 32.93
230 20.58 400 24.38 735 27.81 905 28.89 1175 30.8 1345 33.02
235 20.78 405 24.45 740 27.84 910 28.92 1180 30.72 1350 33.12
240 20.96 410 24.51 745 27.88 915 28.96 1185 30.81 1355 33.19
245 21.14 415 24.58 750 27.9 920 28.99 1190 30.87 1360 33.28
250 21.31 420 24.65 755 27.93 925 29.03 1195 30.95 1365 33.44
255 21.48 425 24.72 760 27.97 930 29.06 1200 31.0 1370 33.52
260 21.64 430 24.79 765 28.0 935 29.1 1205 31.02 1375 33.64
265 21.77 435 24.87 770 28.04 940 29.12 1210 31.1 1380 33.75
270 21.91 440 24.93 775 28.04 945 29.15 1215 31.1 1385 33.88
275 22.05 445 24.99 780 28.06 950 29.18 1220 31.15 1390 34.06
280 22.19 450 25.05 785 28.09 955 29.2 1225 31.19
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Table 4.8: Measured cp of θ (Fe4Al13) with T in K and cp in J/K·mol.
T cp T cp T cp T cp T cp T cp
120 12.9 245 21.29 540 25.88 805 27.5 1070 28.89 1295 31.06
130 14.1 275 22.21 570 26.19 815 27.39 1080 29.07 1320 31.5
140 15.17 305 22.93 580 26.09 870 27.71 1115 29.37 1330 31.59
150 16.13 340 23.58 595 26.3 880 27.64 1135 29.56 1355 32.12
160 16.97 390 24.31 605 26.31 925 27.84 1155 29.71 1375 32.46
170 17.7 430 24.79 615 26.36 935 27.84 1180 29.86 1390 32.9
180 18.35 440 25.02 675 26.89 975 28.16 1190 29.92
195 19.17 450 25.22 685 26.76 1045 28.61 1230 30.3
225 20.58 530 25.94 740 27.15 1055 28.77 1275 30.88
Table 4.9: Measured cp of ε (60.88 at.% Al) with T in K and cp in J/K·mol.
T cp T cp T cp T cp T cp
1395 40.89 1410 41.57 1425 42.09 1440 42.74 1455 43.36
1400 41.15 1415 41.77 1430 42.26 1445 42.96
1405 41.32 1420 41.9 1435 42.55 1450 43.13
Table 4.10: Measured cp of τ4 (FeAl3Si2) with T in K and cp in J/K·mol.
T cp T cp T cp T cp T cp
916 27.32 941 27.31 966 27.41 991 27.63 1016 27.86
921 27.34 946 27.33 971 27.45 996 27.68 1021 27.94
926 27.31 951 27.38 976 27.49 1001 27.73 1026 28.02
931 27.34 956 27.37 981 27.53 1006 27.78 1031 28.11
936 27.33 961 27.36 986 27.56 1011 27.81
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Figure 4.20: Obtained heat capacity of the intermetallic phases a) ζ, b) (LT, HT)-η and c) θ of
the Al-Fe system.
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Figure 4.21: Comparison of a) the calculated heat capacities of ζ, η and θ using the obtained
cp polynomals and b) the calculated evolution of the fraction of thermal vacancies
xth,vac for the intermetallic phases ζ, HT-η and θ up to their respective melting
points.
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Figure 4.22: Measured cp values of ε (60.88 at.% Al) together with the borders of 3% of the
mean value.
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Figure 4.23: a) Obtained DTA signals of the τ4-phase sample on heating with 10 K/min. b)
Measured cp of τ4 in comparison to the calculated cp using ab-initio methods [308].
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Figure 4.24: Measured XRD pattern of the τ4-phase sample quenched from T = 973 K in com-
parison to the calculated intensities after Rietveld refinement using the structure
model reported by Gueneau et al. (1995) [405] for τ4 (FeAl3Si2).
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4.5.1 Transformations in B2
In the phase diagram by Ko¨ster and Go¨decke (1980) [82] (see section 2.2.1 and figure 2.5),
several structure modifications of bcc alloys between 25 at.% Al and 50 at.% Al were proposed.
The B2 phase (α′2) should be stable only in a limited composition and temperature range. It
will split into a high temperatue modification (α2h) and a room temperature modification (α2r)
at compositions ≈ 40 at.% Al. At compositions between 35 and 40 at.% Al, a possible K2 state
was proposed below T = 633 K [82]. The D03/B2 transition for the 35 at.% Al alloy would occur
around T = 623 K and a possible K2/B2 transition was given at T = 473 K for the 40 at.% Al
composition. However, DSC investigation of the present work did not indicate any endothermic
effects on heating for both samples. An exothermic effect was found for the sample with 35 at.%
Al at T = 556 K and for the 40 at.% Al sample at T = 519 K after cooling from 1273 K with
20 K/min to T ≈ 623 K followed by a cooling to room temperature with a decreasing cooling
rate of ≈ 8 K/min. Similar effects were reported by Stein and Palm (2007) [57], which were
related to the formation and dissolution of Fe3AlC caused by even a small amount of carbon
impurity. Another possibility could be transformations related to the B2/D03 transition for
the sample with 35 at.% Al. The B2 phase could be mostly preserved during cooling, at least
no effects were observed. Then, it would be possible that metastable B2 starts to transform to
D03 and then back to B2 on heating. The temperature of the observed effect for 35 at.% Al is
close to the temperature of the D03→B2 transition, but at 40 at.% Al there should be no D03
according to the phase diagram [3] (see figure 2.6). Therefore, such explanation is only valid
for the 35 at.% Al sample. It should be mentioned that only weak DSC signals were observed
and no distinct D03→B2 effect was detected on heating. The corresponding DSC signals are
shown for both samples in figure 4.25a. The determined heat capacity was not influenced by
these effects because of a higher starting temperature of the measurements (T ≈ 620 K).
In case of the 45 at.% Al sample, B2 is stable at room temperature, but a high temperature
transition α2r/α2h around 1068 K was proposed [82], which would be associated with an en-
dothermic effect during heating. The obtained DSC curve shows two small exothermic effects
on heating at T = 837 K and at T = 1028 K as shown in figure 4.25b. It can be assumed that
frozen-in vacancies or other thermal activated defects will begin to diffuse at a certain tem-
perature as it was discussed in [57,171,173]. Above this temperature, the defect concentration
will tend to equilibrium concentration. Therefore, transformation of metastable defect con-
centration to equilibrium can be detected by an exothermic effect in DSC. As two exothermic
effects were observed on heating, this could be a hint for two different kinds of frozen-in thermal
activated defects in the sample. The measured cp was influenced by these exothermic effects
too as it can be seen in figure 4.18c for the temperature range between 900 K and 1100 K.
It can be concluded that no hint was found for a distinct splitting of the B2 phase field into
α′2, α2r and α2h [82] with the thermal analysis of the three B2-phase samples. No endothermic
effects were observed around the proposed transition temperatures. The reported temperature
range of vacancy mobility [171] seems to be confirmed by DSC measurement of the present
work.
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Figure 4.25: Observed exothermic effects in DSC on heating of the a) 35 at.% Al and 40 at.%
Al and b) 45 at.% Al B2 sample.
4.5.2 Transformations in η
Five different η-phase samples were studied in the present work, which were characterised by
SEM/EDS and by DTA experiments. The nominal compositions of the samples are 71.17 at.%
Al, 71.67 at.% Al, 71.7 at.% Al and 72.16 at.% Al. Two samples with 71.67 at.% Al were made,
where one sample was slightly Al-richer than the other one. However, its amount could not
be exactly determined and, therefore, this sample is marked as the 71.67+? at.% Al sample
here. The difference in the nominal composition is smaller than the expected error of the
EDS measurements, which results are shown in table 4.11. The nominal compositions are
not reflected by the measured compositions of the η-phase samples and the increase of their
aluminium content can be seen only tentative. DTA melting curves of all samples obtained with
a heating rate of 5 K/min are shown in figure 4.26. At one composition, η is formed congruently
from the melt. Two cases are now possible for the η-phase samples. First, the samples could be
more Fe-rich than the congruent melting composition. The solidus/liquidus sequence is then
η→L + η→L with a solidus temperature above the eutectic temperature of L→ ε+ η (1429 K).
In the second case, on the Al-rich side, the transitions could be either η→L + η→L with a
solidus temperature above the peritectic one of L + η→ θ (1424 K) or η+ θ→L + η→L with a
sub-solidus transition of η→ η+ θ below the peritectic temperature. A sub-solidus transition
was observed for the 71.67+? at.% Al sample at T = 1365 K. The measured DTA signal is shown
in figure 4.27a. To prove the suggested η+ θ two phase field before melting, a corresponding
71.67+? at.% Al sample was annealed at 1393 K under argon atmosphere for 21 h and was
then quenched into water. This sample was investigated by SEM/EBSD showing a two phase
microstructure of η+ θ. The corresponding SEM micrograph with indexed EBSD pattern of
the two phases is shown in figure 4.28. The temperature of the melting transition of that
sample was determined to be 1425 K (see figure 4.26) corresponding to the peritectic reaction
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Table 4.11: Results of sample characterisation of S1, S2-I, S2-II, S3 and S4. OP=onset point.
S1 S2-I S2-II S3 S4
nominal comp. in at.% Al 71.17 71.67+? 71.67 71.7 72.16
comp. EDS in at.% Al 70.5±0.5 71.3±0.6 70.5±0.5 71.4±0.4
OP η→ η+θ in K 1365
OP solidus in K 1420 1425 1418 1419 1417
L + η→ θ.
To interprete the DTA signals of the other four η-phase samples, it must be clarified if they
are on the Fe-rich side or as well on the Al-rich side of the congruent melting point. The SEM
micrographs of the as cast samples with the compositions 71.17 at.% Al and 72.16 at.% Al,
and of the second 71.67 at.% Al sample are shown in figure 4.29. In all three cases, primary
dendritic grains of η with secondary θ-phase grains can be observed. The amount of θ is
increasing with the nominal aluminium content of the samples. Therefore, it can be concluded
that these samples are on the Al-rich side of the congruent melting point of η. The same was
reported for the 71.7 at.% Al sample [5]. The first observed transition temperatures of these
η-phase samples are below the peritectic temperature of 1425 K and increase from 1417 K to
1420 K from highest to lowest aluminium content. It can be clearly seen that the obtained
DTA signals correspond to at least two transitions. The first one is assumed as the sub-solidus
η→ η+ θ transition and the second one is then the peritectic melting of θ. The amount of η,
which will transform to θ below melting, will increase with increasing aluminium content of the
sample. In the same way the amount of θ, which melts at a temperature of 1425 K, is increased.
The samples approaching the congruent melting composition of η will have a larger difference
of the solidus and liquidus temperatures. In the experiment, the solidus and liquidus signal
could not be separated with the heating rate of 5 K/min and therefore, the determined second
signal of the DTA curve is a sum of both.
The peak separation method estimating three single peaks was used to estimate the cor-
responding signal of each reaction (sub-solidus, solidus and liquidus). The results are shown
in addition to the measured DTA curves in figure 4.26. From theory, the melting signal of a
η+ θ sample should consist of a single peak (the perictectic melting) followed by a continuously
melting signal corresponding to the partial melting of η within the L + η two phase field. The
liquidus can then be estimated when the signal is approaching the baseline signal as it was
shown as an example in case of melting of the ε-phase in figure 3.2 (marked as reaction IV).
It should be mentioned that such kind of peak can not be directly estimated by the used peak
separation method. In reality, the measured signal of the η+ θ two phase sample (72.687 at.%
Al) does not show the expected behaviour as it can be also seen in figure 4.26. The determined
onset point of the first transition is at the peritectic temperature, but the expected continu-
ously melting signal is superimposed with the signal of the solidus. To distinguish reactions
with only a small difference in their transition temperatures by DTA, the heating rate must
be lower than 5 K/min. Also, the signal can be smeared due to the continuously composition
change of η with increasing temperature above the peritectic melting of θ. The measured DTA
signal has then contributions from different effects that are difficult to separate.
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Figure 4.26: Obtained baseline corrected DTA signals of η-phase samples using a heating rate
of 5 K/min together with seperated peaks of the proposed transitions. Compositions
are nominal compositions.
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Figure 4.27: a ) DTA signal of the 71.67+? at.% Al sample obtained with a heating rate of
5 K/min showing a sub-solidus reaction at 1365 K. b) Scheme of the Al-rich Al-Fe
system with the marked five η-phase sample compositions.
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Figure 4.28: SEM micrograph of the quenched 71.67+? at.% Al sample after annealing at 1393 K
with indexed EBSD pattern of η [401] and θ [408].
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Figure 4.29: SEM micrographs of as cast η-phase samples a)+b) 71.17 at.% Al, c)+d) 71.67 at.%
Al, and e)+f) 72.16 at.% Al showing primary dendritic η-phase grains and sec-
ondary θ-phase grains.
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Table 4.12: Determined DTA transition temperatures on heating of the η-phase samples using
the peak separation method.
transition
T in K
71.17 71.7 71.67 72.16
at.% Al at.% Al at.% Al at.% Al
η→ η+ θ 1420.0 1419.1 1418.3 1417.9
solidus 1425.3 1423.4 1422.4 1423.0
liquidus 1434.2 1431.9 1430.6 1428.7
In spite of missing a more sophisticated peak separation procedure, the liqidus temperatures
of the samples were estimated as follows. Using the peak separation method for estimating
the melting signal corresponding to the melting of θ and η for each sample, a large peak
(marked as 2nd peak in figure 4.26) with an onset temperature close to the reported peritectic
temperature and a small peak (3rd peak) above this temperature was obtained. The liquidus
temperature was estimated as the peak maximum temperature of the small peak. However,
this liquidus temperature is only a crude estimation as long as no physical model is used in the
peak separation method. The transition temperatures of η→ η+ θ and of the peritectic melting
of θ were obtained from the onset temperatures of the first and second peak, respectively. The
determined transition temperatures are listed in table 4.12. The mean value of the determined
peritectic L + η→ θ transition temperature is 1423.5 ± 1.3 K, which is 1 K smaller then the
determined onset temperature from the 72.687 at.% Al sample (1424.5 K). The determined
liquidus temperatures increase from 1428.7 K for the 72.16 at.% Al sample to 1434.2 K for the
71.17 at.% Al sample.
Three things can be observed that are in very good agreement with the expected behaviour
of the proposed phase transitions. First, the peak area of the η→ η+ θ transition (1st peak)
increases with increasing aluminium content. Its signal should become larger with increasing
amount of forming θ-phase, which can be expected with increasing aluminium content. Second,
with decreasing Al content, the maximum temperature of the third peak lowers. This peak is
related to the melting of η and the corresponding liquidus temperature of the sample increases
approaching the maximum temperature at the congruent melting point of η with decreasing
amount of aluminium. Third, the combined peak area of the second and the third peak is
broaden with decreasing aluminium content. This broadening can be expected from the con-
tinuously melting of η and the increasing difference between the peritectic melting temperature
of θ and the liquidus temperature with decreasing aluminium content. From the interpretation
of the measured DTA signals, it follows that the samples named by the nominal compositions
are ordered from lowest to highest aluminium content as 71.17, 71.7, 71.67 and 72.16 at.% Al.
A scheme of the corresponding section of the phase diagram with the marked compositions of
the investigated η-phase samples is shown in figure 4.27b.
In addition, a solid-solid phase transition was found in all η-phase samples between 523 K
and 553 K as indicated in figure 4.30a on the determined heat capacity curves. A metastable
(exothermic) transition was found in the as-cast 71.7 at.% Al sample at 345.5 K on the first
heating of the sample. This indicates that the high-temperature phase was preserved during
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Figure 4.30: a) Measured heat capacity of the 71.17 at.% Al, 71.67+? at.% Al and 72.16 at.%
Al sample. The proposed range of transition from ordered (LT) to disordered
(HT) η is marked as well as the maximum temperatures of transition. b) Heat
flow signal of the heat-treated 71.67+? at.% Al sample and the as-cast 71.7 at.%
Al sample with an exothermic transition at 345.5 K. The transition of the ordered
to disordered η was in both samples between 523 K and 553 K.
casting and transformed to a stable low-temperature phase at 345.5 K.
The 71.67+? at.% Al sample was annealed at 473 K for 48 h. The time of annealing should
be enough for transformation of the high-temperature phase to the low-temperature one since
this transformation was observed at low temperature in dynamic experiments. The heat flow
signal on heating shows a sharp endothermic peak at around 553 K. An endothermic transition
was observed in all investigated samples. However, a sharp peak was only seen after prolonged
heat treatment at a temperature below transition. The heat flow signals of the heat treated
71.67+? at.% Al sample and the as-cast 71.7 at.% Al sample are shown in figure 4.30b.
Samples of 71.67+? at.% Al composition were annealed at 1273 K for two days and at 523 K
for seven days under argon atmosphere and were then quenched into water. Preliminary XRD
measurements in combination with Rietveld analysis on the quenched and powderised samples
showed a transition from an ordered low temperature phase (LT-η) to a high temperature
disordered (orthorhombic [401]) phase (HT-η). No reflections of Al2Fe or Al13Fe4 were found
in the XRD patterns. The lattice parameters a = 7.6610 A˚, b = 6.4152 A˚ and c = 4.2196 A˚ of
the orthorhombic phase were obtained for the sample quenched from 1273 K. Results of XRD
measurements can be seen in figure 4.31. Additional reflections of the ordered phase in the
sample annealed at 523 K were found in the range between 33° to 43° 2θ (see inset of figure
4.31).
Based on the obtained results, a more detailed study of the transition in η was done for
the 71.17 at.% Al, 71.67 at.% Al, 71.7 at.% Al and 72.16 at.% Al samples. All samples were
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Figure 4.31: XRD results on quenched S2 samples from 1273 K and from 523 K. In the 1273 K
sample all reflections can be related to the Fe2Al5 structure model by Burkhardt et
al. [401]. Additional reflections from the investigated ordered phase are marked in
the enlarged graph. The lower position marks in both graphs showing the expected
position of reflections from the approximant used by the DFT calculation (see [37]
for more details).
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sealed in evacuated and Ar backfilled silica tubes. First, the samples were homogenised at a
temperature of 1023 K for five days. The samples were then quenched into water and were then
annealed below the observed transition temperature at 523 K for twenty six days. The furnace
cooled samples were prepared to discs with a diameter of ≈ 5 mm and a height of 1 mm. Each
sample was then heated two times in the DSC 8000 between the temperatures 323 K and 683 K
using an equal heating and cooling rate of 10 K/min. The baseline corrected DSC curves are
shown in figure 4.32. A sharp endothermic peak was seen for all samples on first heating. The
peak on the second heating was much smaller and it was shifted to lower temperatures. The
determined temperatures of the onset point of the sharp peak of the first heating are 606.4 K,
591.5 K, 597.8 K and 573.2 K for the 71.17 at.% Al, 71.67 at.% Al, 71.7 at.% Al and 72.16 at.%
Al samples, respectively. The obtained DSC signals for the 71.17 at.% Al to 71.70 at.% Al
samples showing a continuous transition at temperatures below the sharp phase transition
and such a transition is seen for the 72.16 at.% Al sample after the sharp transition. Such
signals are normally related to two phase regions. It means, that the observed order/disorder
transitions are first order type. This view is also supported by SEM micrographs of η-phase
grains of the Al-rich side that were found in the 73.70 at.% Al sample after DTA. In figure
4.33, substructures in η are visible that can be related to a proposed two phase region. Similar
structures were reported by Okamoto et al. (2017) [38] who proposed as well a two phase field
in η at temperatures below 600 K.
4.5.3 Crystallisation of ζ
According to the accepted phase diagram [4] as shown in figure 4.35, the ζ phase can not crys-
tallise directly from the melt. It will form in the peritectoid transition ε+ η→ ζ at 1419 K. The
eutectic temperature of L→ ε+ η is reported at 1430 K, which is only ≈ 10 K above the peri-
tectoid transition. The possibility of a direct crystallisation of ζ from the melt in a peritectic
transition L + ε→ ζ was discussed by Balanetskyy et al. (2004) [56] based on results of exam-
ination of as-cast samples with compositions between 60.7 at.% Al and 67.0 at.% Al. Primary
grains of ε were reported for that composition range with secondary grains of ζ followed by a
final tertiary crystallisation of η. It was concluded by Balanetskyy et al. (2004) [56] that the
metastable peritectic formation of ζ is possible, if the undercooling is not large enough for the
precipiation of η, which will then end with the peritectic solidification of ζ. It was mentioned
that this observations are in agreement with the phase diagram reported by Oˆsawa (1933) [43],
which was as well derived from examination of as-cast samples.
Similar SEM micrographs, as shown in [56], were obtained in this work from 66.54 at.% Al
samples after DTA, which can be seen in figures 4.34a and 4.34b. In both figures, former
ε-phase grains [B2+ζ] are surrounded by ζ that are surrounded by η. The above mentioned
crystallisation sequence was deduced from such a microstructure. Here, another explanation
will be given. In the first case (see figure 4.34a), the sample was heated with 2 K/min and
was held isothermally for 10 min at T = 1421 K directly after the ζ+ η→ ε+ η transition was
observed. Then the sample was cooled by turning off the heating, which resulted in a cooling
rate > 30 K/min. In the second DTA experiment (see figure 4.34b), the sample was completely
melted by heating to 1443 K. It was then cooled with 1 K/min until 1425 K and held isothermally.
This temperature is exactly in between the temperatures of reactions L→ ε+ η and ε+ η→ ζ.
After approximately two minutes, a peak related to solidification was observed and the sample
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Figure 4.32: Obtained baseline corrected DSC signals of heat treated η-phase samples using a
heating rate of 10 K/min.
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Figure 4.33: SEM micrographs of substructures (marked as η and η’) in Al-rich η-phase grains
that can be related to a possible two phase field.
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was cooled to room temperature in the same way as in the first case.
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Figure 4.34: SEM micrographs of 66.54 at.% Al samples after DTA a) heating to a tempera-
ture between the ones of L→ ε+ η and ε+ η→ ζ, b)+c) cooled from 1443 K to
1425 K with 1 K/min, held isothermally and furnace cooled to room temperature
after observation of first peak of crystallisation, and d) after cooling with 15 K/min.
The microstructures of both samples look very similar, but only one sample was melted.
Therefore, the observed microstructure is not related to solidification. It can be explained as
follows. At isothermal holding, the two phases ε+ η were in equilibrium. On cooling, the ε-
phase grains transformed into a [B2+ζ] eutectoid microstructure surrounded by η-phase grains
during the eutectoid transition ε→B2 + ζ at 1368 K. The ζ-phase grains were then growing
from the [B2+ζ] border of the η-phase, which can be seen in figure 4.34c. Deduced from
comparing the orientation contrasts of the ζ-phase grains of that micrograph, it can be said
that the orientation of the ζ-phase grains connected to the eutectoid regions are the same as
the ζ-phase grains from that region. It is therefore possible that the precipitation of ζ was
suppressed until the transformation of ε happened and that the eutectoid ζ-phase grains acted
as nucleus for the ζ-phase formation on cooling. In figure 4.35, the suppressed phase field of ζ is
marked by a green dashed line. It is suggested here that the two phase field ε+ η is extended
to lower temperatures on cooling until the eutectoid transformation of ε is occurred. On slower
cooling rates, no traces of former ε-phase grains were observed after DTA. In figure 4.34d, the
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Figure 4.35: Scheme of the Al-rich side of the Al-Fe phase diagram adopting the results of Han
et al. (2016) [4]. The here proposed ζ-phase field, which is suppressed until the
eutectoidic transformation of ε, is marked by a green dashed line.
obtained microstructure can be seen after cooling with 15 K/min. Only large grains of ζ+ η were
detected. Therefore, it can be concluded that the diffusion of Al and Fe in ζ and η is relatively
fast at high temperatures, which is in good agreement with the proposed creation of thermal
vacancies as discussed in section 4.4.2.
4.6 Experimental phase diagram Al-Fe
4.6.1 Liquidus, solidus and solvus temperatures
Liquidus, solidus and solvus temperatures were determined by DTA experiments as explained in
section 3.2.2 for samples between 55.99 at.% Al and 75.34 at.% Al. Observed DTA curves with
a heating rate of 2 K/min of samples between 55.99 at.% Al and 65.93 at.% Al are shown in figure
4.36 and for samples between 66.54 at.% Al and 75.37 at.% Al in figure 4.37. Temperatures of
determined onset points for the heating rates 10, 5 and 2 K/min are listed in the appendix in table
A.1. The extrapolated onset point temperatures to a heating rate of 0 K/min are listed in table
4.13. If possible, the temperatures of the invariant reactions were calculated as mean values of
extrapolated onset points from different samples. In such cases, the standard deviation σ was
calculated for each invariant temperature. Both values are listed in table 4.13. The standard
deviation was in the range between 0.46 K ≤σ≤ 0.9 K. Therefore, the expected minimal accu-
racy of the given temperatures is ±1 K. Only in the case of the invariant reaction ε+ η→ ζ, the
standard deviation was 2.16 K. For the 65.93 at.% Al sample the temperature of the determined
onset points was approximately 3-5 K higher then the ones for the samples between 66.54 at.%
Al and 68.00 at.% Al. It should be mentioned that the lower temperatures are in a very good
agreement with the reported temperature of the invariant reaction by Li at al. (2016) [5] and
Han et al. (2016) [4]. Here, the obtained slightly higher value is accepted because it is within
the expected experimental error and a second measurement on another 65.93 at.% Al sample
gave the same results. A more detailed comparison between experimental values of this work
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and from literature will be given together with the results of the thermodynamic assessment of
the Al-Fe system in section 4.8.5.
Table 4.13: Temperatures of extrapolated onset points (OP) at a heating rate of 0 K/min. In-
variant reactions are marked with an asterisk (∗) and their temperatures are given
as T ± σ.
proposed comp. in
OP
Temperature
Reaction at.% Al in K
L + B2→L 55.99 III 1550.71
B2 + ε→L + B2 55.99 II 1507.07
∗L + B2→ ε 1507.07
L + ε→L
61.56 III 1498.34
63.00 IV 1479.18
65.93
1-IV 1456.91
2-IV 1457.43
66.54 IV 1444.86
68.00 III 1442.42
ε→L + ε 61.56 II 1471.93
63.00 III 1443.25
ε+ η→L + ε
66.54 III 1430.61
67.00 II 1431.62
65.93
1-III 1429.69
2-III 1429.28
68.00 II 1430.15
∗L→ ε+ η 1430.27± 0.90
η→L + η 70.00 I 1430.30
η+ θ→L + η
71.67 I 1425.68
72.687 I 1424.69
73.70 I 1425.35
∗L + η→ θ 1425.24± 0.50
ε+ ζ→ ε+ η 65.93 1-II 1424.65
2-II 1424.44
ζ+ η→ ε+ η
66.54 II 1421.14
67.00 I 1421.44
68.00 I 1419.75
∗ε+ η→ ζ 1422.28± 2.16
ζ→ ζ+ η 66.54 I 1420.76
Continued on next page
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Table 4.13 – continued from previous page
proposed comp. in
OP
Temperature
Reaction at.% Al in K
ε+ ζ→ ε 63.00 II 1412.12
B2 + ζ→B2 + ε 55.99 I 1368.97
B2 + ζ→ ε+ ζ
61.56 I 1368.75
63.00 I 1369.95
65.93
1-I 1369.19
2-I 1369.00
∗ε→B2 + ζ 1369.17± 0.46
θ→L + θ 75.34 I 1405.66
The character of the θ-phase formation was stated as unknown in the evaluation by Kattner
and Burton (1993) [3]. No decision could be made whether θ melts congruently or peritecticaly
according to L + η→ θ. In subsequent experimental works [4, 5], the peritectic formation was
preferred, which is also recommended in this work. In figure 4.38, SEM micrographs of the
73.70 at.% Al sample after DTA are shown. Small grains of η (see EBSD map in figure 4.38b) are
embedded in a matrix of large uniform θ-phase grains. No areas of mixed grains of η+ θ were
found, which would be a hint for a eutectic L→ η+ θ transition.
4.6.2 Homogeneity ranges
The homogeneity ranges of the intermetallic phases ζ, η and θ, and to some extent of B2 and
ε were determined by composition measurements using EDS and WDS on quenched samples
from a temperature of 1073 K up to near the respective melting points as described in sections
3.1 and 3.2.1; the results are listed in table 4.14.
It is not possible to quench the high-temperature phase ε, which will always transform ac-
cording to an eutectoid transition to B2 + ζ on cooling at 1369 K. SEM micrographs of quenched
samples with nominal 55.99 at.% Al, 61.56 at.% Al and 63.00 at.% Al with former microstruc-
tures B2 + ε, ε and ε+ ζ, respectively, are shown in figure 4.39. A fine lamellar eutectoid
microstructure of B2 + ζ was observed in case of the 55.99 at.% Al sample besides large grains
of B2. It can be seen that some precipitated B2-phase grains are already 3-10 µm in length after
quenching from 1426 K to room temperature within ≈ t = 2 s (see figures 4.39a and 4.39b). The
sample with 61.56 at.% Al was single ε-phase at a temperature of 1426 K. However, also here,
B2-phase grains with a similar size were precipitated on cooling together with ζ forming the
lamellar microstructure (see figures 4.39c and 4.39d). In figure 4.39c, it can be seen that the
concentration of the larger grains of B2 within the lamellar matrix is increased along pores in
comparison to dense regions. This can maybe be related to a higher concentration of vacancies
in such regions and thus, the precipitation of B2 is supported by a faster diffusion on cooling.
On the Al-rich side of the ε-phase field, a homogeneous lamellar B2 + ζ microstructure without
larger B2 precipitates was observed for the 63.00 at.% Al sample quenched from 1393 K (see
figures 4.39e and 4.39f).
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Figure 4.36: Measured DTA signals with a heating rate of 2 K/min and determined onset points
of the samples between 55.99 at.% Al and 65.93 at.% Al.
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Figure 4.37: Measured DTA signals and determined onset points of the samples between
66.54 at.% Al and 75.34 at.% Al. If not otherwise declared, the heating rate (HR)
was always 2 K/min.
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Figure 4.38: SEM micrographs of the 73.70 at.% Al sample after DTA showing a) small primary
η-phase grains in a matrix of large uniform θ-phase grains and b) the results of an
EBSD mapping (phase contrast) confirming the phase assignment.
Below the eutectoid temperature of 1369 K, the phases B2 + ζ are in equilibrium for the
sample compositions 55.99 at.% Al and 63.00 at.% Al. The observed microstructure of the
55.99 at.% Al sample after DTA is shown in figures 4.40a and 4.40b. On cooling, B2 was
formed as primary crystals from the melt and ε was formed peritectically as secondary phase,
which transformed further to B2 + ζ on cooling. It is clearly seen in figure 4.40b that ζ was
precipitated in B2 along certain crystallographic planes. The 63.00 at.% Al sample is on the Al-
rich side of the B2 + ζ two phase field. In figures 4.40c and 4.40d, the obtained SEM micrographs
of quenched samples from the temperature of 973 K are shown. It must be mentioned that the
time of annealing was not long enough to reach equilibrium at this temperature. However,
it can be seen that B2 precipitated in ζ as small and round particles. It shows that the
solubility of Fe in ζ is increasing with temperature, which is also supported by the composition
measurements. An obtained equilibrium microstructure is shown in figure 4.40e after annealing
at a temperature of 1173 K. The small dots of B2 are vanished and transformed into long and
large grains.
Typical microstructures of ζ+ η are shown in figure 4.41 for the samples with 66.54 at.%
Al and 67.00 at.% Al. Large grains of both phases were observed for both compositions if
the amount of phases were approximately equal as shown in figure 4.41a for the 66.54 at.%
Al sample quenched from 1073 K. The amount of η was smaller in the 67.00 at.% Al sample
annealed at 1173 K as it can be seen in figure 4.41b. In such cases, larger and smaller η-phase
grains were distributed irregular in the sample. If possible, composition measurements were
made on the large η-phase grains.
The composition of the Al-rich side of η and of the Fe-rich side of θ was determined from
samples with 73.70 at.% Al and 75.34 at.% Al. With increasing temperature of annealing, the
amount of η in the two phase samples with η+ θ is decreasing, which is shown for the 73.70 at.%
Al sample quenched from 1073 K and 1418 K in figures 4.42a and 4.42b, respectively. Only
small traces of η were found in the 75.34 at.% Al sample quenched from 1173 K, which can
be seen in figure 4.42c. Above this temperature, only single phase θ was observed for this
composition until melting. Therefore, the extension of θ to more Fe-rich composition with
88
4.6 Experimental phase diagram Al-Fe
55.99 at.% Al
10 µm
B2
B2
B2
[B2+ζ]
(a)
55.99 at.% Al
2 µm
B2
B2
[B2+ζ]
(b)
61.56 at.% Al
10 µm
B2
[B2+ζ]
pores
(c)
61.56 at.% Al
10 µm
B2
[B2+ζ] pores
(d)
63.00 at.% Al
100 µm
(e)
63.00 at.% Al
10 µm
[B2+ζ] ζ
(f)
Figure 4.39: SEM micrographs of quenched samples with former ε-phase grains a)+b)
55.99 at.% Al, T = 1426 K, c)+d) 61.56 at.% Al, T = 1426 K and e)+f) 63.00 at.%
Al, T = 1393 K.
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Figure 4.40: SEM micrographs (BSE contrast) of a)+b) the 55.99 at.% Al sample after DTA and
sample 63.00 at.% Al quenched from temperature of c)+d) 973 K and e) 1173 K.
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Figure 4.41: SEM micrographs (BSE contrast) of quenched samples a) 66.54 at.% Al from T =
1073 K and b) 67.00 at.% Al from T = 1173 K.
increasing temperature [4, 5] is already confirmed from the results of metallography but it is
also supported by the results of the composition measurements. As-cast samples were used for
annealing experiments. In case of the 73.70 at.% Al sample, secondary peritectically formed
and Fe-rich θ-phase grains were enclosed by primary η-phase grains. Annealing at temperatures
below the peritectic temperature (1425 K) will lead to a precipitation of η in θ-phase grains. It
should be mentioned that this precipitation of η was always observed along certain planes of
the θ-phase crystals, which is shown for the temperatures 1073 K and 1173 K in figures 4.42d
and 4.42e, respectively.
Table 4.14: Determined chemical compositions in the Al-Fe system. The former ε-phase is
marked as [B2 + ζ].
nom. comp. T
phase
meas. comp. ref. to figure,
in at.% Al in K in at.% Al remarks
55.99 1426 B2 EDS 51.83 4.39a-(bright)
[B2 + ζ] EDS 58.21 4.39b
63.00 1435 [B2 + ζ] EDS 58.59±0.38
ζ EDS 63.36±0.16
1393 [B2 + ζ] EDS 59.15±0.53
4.39e, 4.39f
WDS 60.12±0.13
ζ EDS 63.44±0.62
WDS 64.76±0.13
1273 ζ WDS 65.27±0.10
1173 ζ WDS 65.36±0.08 4.40e
1073 B2 EDS 50.56±1.14
[B2 + ζ] EDS 59.84
Continued on next page
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Table 4.14 – continued from previous page
nom. comp. T
phase
meas. comp. ref. to figure,
in at.% Al in K in at.% Al remarks
ζ EDS 64.25±0.19
WDS 65.64±0.14
65.93 1426 ζ EDS 65.22
66.54 DTA η EDS 68.69± 0.34 4.34a, Tstop = 1420 K
1418 ζ WDS 65.65±0.08
1393 ζ WDS 66.36±0.22
η WDS 69.03±0.09
1273 ζ WDS 66.18±0.09
1173 ζ EDS 65.94±0.37
WDS 66.64±0.07
η EDS 69.28±0.48
WDS 69.73±0.07
67.00 1418 ζ WDS 65.97±0.07
η WDS 68.49±0.07
1393 ζ WDS 66.33±0.07
η WDS 69.03±0.07
1273 ζ EDS 66.40
WDS 66.53±0.10
η EDS 69.39
WDS 69.48±0.05
1173 ζ WDS 66.38±0.08
4.41b
η WDS 69.74±0.06
1073 ζ EDS 65.27±0.29
WDS 66.87±0.06
η EDS 68.90±0.57
WDS 70.53±0.08
73.70 1418 η EDS 71.38± 0.52
WDS 71.91± 0.18
θ EDS 73.87± 0.51
WDS 73.93± 0.04
1393 η WDS 71.54±0.07
θ WDS 74.03±0.05
1273 η WDS 72.55±0.13
θ WDS 74.89±0.10
Continued on next page
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Table 4.14 – continued from previous page
nom. comp. T
phase
meas. comp. ref. to figure,
in at.% Al in K in at.% Al remarks
1173 η WDS 72.61±0.07
4.42e
θ WDS 75.37±0.06
1073 η EDS 72.10±0.46
4.42a, 4.42d
WDS 72.93±0.07
θ EDS 74.84±0.26
WDS 75.76±0.08
75.34 1393 θ EDS 74.81±0.36
WDS 75.28±0.08
1273 θ EDS 74.00±0.48
WDS 74.94±0.07
1173 η EDS 71.84 4.42c
WDS 72.16±0.04
θ EDS 74.98±0.56
WDS 75.46±0.32
AlFe-P2 cp η EDS 71.32±0.56 4.19b
1393 η EDS 70.78±0.44
WDS 71.66±0.24
θ EDS 73.42±0.83
WDS 74.19±0.07
1273 η EDS 70.74±0.38
1173 η EDS 70.69±0.54
WDS 71.55±0.07
4.6.3 Phase diagram
The experimentally determined phase diagram can be seen in figure 4.43. The shifting of the
homogeneity ranges to more Fe-rich compositions of ζ, η and θ with increasing temperature
[4, 5] is confirmed by the present composition measurements. It should be mentioned that the
determined composition ranges are closer to the reported values of Han et al. (2016) [4] than
to the ones of Li et al. (2016) [5].
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Figure 4.42: SEM micrographs (BSE contrast) of quenched sample 73.70 at.% Al from a) 1073 K
and b) 1418 K, and c) sample 75.34 at.% Al 55.99 at.% Al from T = 1173 K. Pre-
cipitation of η in secondary θ-phase grains along certain orientations of the θ-phase
crystal for the 73.70 at.% Al sample during annealing at d) 1073 K and e) 1173 K.
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B2
ε
ζ
η
θ
L
Figure 4.43: Experimentally determined Al-rich side of the Al-Fe phase diagram. The crosses
mark DTA results whereas the other symbols representing determined composi-
tions measured with EDS and WDS. Investigated sample compositions are marked
by dotted lines and the dashed lines showing tentative the end of the homogeneity
ranges of B2 and θ, which where not investigated in this study. Compositions not
determined in the present work were adopted from Han et al. (2016) [4].
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4.7 Modelling order/disorder in bcc
4.7.1 Calculation of T A2C and TA2/B2
According to equation (3.28), the Gibbs energy Gbcc of the bcc phases A2 (Al,Fe)1(Va)3 and
B2 (Al,Fe)0.5(Al,Fe)0.5(Va)3 is given by
Gbcc = GA2 + ∆GB2 , (4.26)
with
GA2 = xAl ·GA2Al:Va + (1− xAl) ·GA2Fe:Va
+RT [(xAl) ln(xAl) + (1− xAl) ln(1− xAl)]
+xAl · (1− xAl) ·
[
0LA2Al,Fe:Va + (2xAl − 1) · 1LA2Al,Fe:Va
]
+Gmag(y′Al = xAl, xAl) (4.27)
and
∆GB2 = (−4xAly′Al + 2xAl + 2y′Al2) ·GB2Al:Fe:Va
+0.5 ·RT · [(y′Al) ln(y′Al) + (1− y′Al) ln(1− y′Al)
+(2xAl − y′Al) ln(2xAl − y′Al) + (1− 2xAl + y′Al) ln(1− 2xAl + y′Al)]
+(−16xAl3 + 24xAl2y′Al + 12xAl2 − 12xAly′Al2 − 12xAly′Al − 2xAl + 6y′Al2) · 1LB2Al,Fe:*:Va
+(−64xAl4 + 128xAl3y′Al + 64xAl3 − 96xAl2y′Al2 − 96xAl2y′Al − 20xAl2
+32xAly
′
Al
3
+ 48xAly
′
Al
2
+ 20xAly
′
Al + 2xAl − 8y′Al4 − 10y′Al2) · 2LB2Al,Fe:*:Va
+Gmag(y′Al, xAl)
−(−2xAl2 + 2xAl) ·GB2Al:Fe:Va −RT · [(xAl) ln(xAl) + (1− xAl) ln(1− xAl)]
−(−4xAl3 + 6xAl2 − 2xAl) · 1LB2Al,Fe:*:Va
−(−8xAl4 + 16xAl3 − 10xAl2 + 2xAl) · 2LB2Al,Fe:*:Va
−Gmag(y′Al = xAl, xAl) , (4.28)
using the relations
xFe = 1− xAl , y′Fe = 1− y′Al , y′′Al = 2xAl − y′Al and y′′Fe = 1− y′′Al , (4.29)
1LB2Al,Fe:*:Va =
1LB2*:Al,Fe:Va and
2LB2Al,Fe:*:Va =
2LB2*:Al,Fe:Va. Here, the site fractions of the first
and second sublattice are marked by y′ and y′′, respectively. In the present work, the order-
ing contribution to Gibbs energy is modelled by using the parameters GB2Al:Fe:Va,
1LB2Al,Fe:*:Va,
2LB2Al,Fe:*:Va, TC
B2
Al:Fe = TC
B2
Fe:Al and
0TC
B2
Al,Fe:* =
0TC
B2
*:Al,Fe. The parameter
0LB2Al,Fe:*:Va is not used
as it has no influence on the equilibrium site fractions. The parameters for βB2 were adopted
from Sundman et al. (2009) [195].
If the bcc phase is in ordered B2 state, the resulting Gibbs energy will show two minima at
y′Al,1 and y
′
Al,2 = 2xAl−y′Al,1 and one maximum at y′Al = xAl. The respective Gibbs energy curve
is shown as an example in figure 4.44a for xAl = 0.35 and T = 1000 K. Above the transition
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temperature TA2/B2, the Gibbs energy curve will show one minimum at y
′
Al = xAl, which can
be seen in figure 4.44b for T = 1800 K. The transition temperature TA2/B2 is reached when the
maximum at y′Al = xAl transforms to a minimum that is the case when
∂2Gbcc
∂y′Al
2
∣∣∣∣∣
y′Al=xAl
= 0 (4.30)
is fulfilled, which is illustrated by a plot of ∂2Gbcc/∂y′Al
2 for the temperatures 1000 K, TA2/B2 and
1800 K for the composition xAl = 0.35 as shown in figure 4.44c.
The second derivative of Gbcc with respect to y′Al is given by
∂2Gbcc
∂y′Al
2 = 4 ·GB2Al:Fe:Va
+0.5 ·RT ·
[
1− 2xAl + 2y′Al
y′Al − 2xAly′Al + y′Al2
+
2xAl + 1− 2y′Al
2xAl − 2xAly′Al − y′Al + y′Al2
]
+(−24xAl + 12) · 1LB2Al,Fe:*:Va
+(−192xAl2 + 192xAly′Al + 96xAl − 96y′Al2 − 20) · 2LB2Al,Fe:*:Va
+
∂2Gmag
∂y′Al
2 (4.31)
that reduces at y′Al = xAl to
∂2Gbcc
∂y′Al
2
∣∣∣∣∣
y′Al=xAl
= 4 ·GB2Al:Fe:Va + 0.5 ·RT ·
[
2
−xAl2 + xAl
]
+(−24xAl + 12) · 1LB2Al,Fe:*:Va
+(−96xAl2 + 96xAl − 20) · 2LB2Al,Fe:*:Va
+
∂2Gmag
∂y′Al
2
∣∣∣∣∣
y′Al=xAl
. (4.32)
The second derivative of Gmag with respect to y′Al is given by
∂2Gmag
∂y′Al
2 = RT ·
(
∂2f(τ)
∂y′Al
2 · ln(β + 1) + 2 ·
∂f(τ)
∂y′Al
· ∂ ln(β + 1)
∂y′Al
+ f(τ) · ∂
2 ln(β + 1)
∂y′Al
2
)
. (4.33)
The needed partial derivatives of f(τ) and ln(β + 1) are listed in the appendix in section A.2.
The calculation of the two transition temperatures TA2C and TA2/B2 was done in the following
way. First, the Curie temperature of the disordered phase TA2C was obtained by fitting the
parameters 0TC
A2
Al,Fe,
1TC
A2
Al,Fe and
2TC
A2
Al,Fe of the expression
TA2C = (1− xAl) · TCA2Fe
+(xAl − xAl2) · 0TCA2Al,Fe + (−2xAl3 + 3xAl2 − xAl) · 1TCA2Al,Fe
+(−4xAl4 + 8xAl3 − 5xAl2 + xAl) · 2TCA2Al,Fe (4.34)
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Figure 4.44: Calculated thermodynamic functions of B2 BCC at xAl = 0.35. a) G at T =
1000 K, b) G at T = 1800 K, and c) ∂2G/∂y′Al
2.
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Figure 4.45: Calculated trend of TA2C and TA2/B2 up to 50 at.% Al in comparison to experimental
data from Stein and Palm (2007) [57] and the calculated trend of TA2/B2 using the
thermodynamic parameters reported by Seierstein (1998) [191] and Sundman et
al. (2009) [195].
to experimental data from Stein and Palm (2007) [57]. In a second step, equation (4.30) was
used to calculate TA2/B2 and to optimise the mentioned ordering parameters using also the
experimental data from [57]. The calculated Curie temperatures and A2/B2 temperatures are
shown in figure 4.45 for 0 ≤ xAl ≤ 0.5 in comparison to the calculated trend of TA2/B2 using
the thermodynamic parameters reported by Seierstein (1998) [191], where no explicit ordering
parameter was used, and the calculated trend reported by Sundman et al. (2009) [195]. Both
calculated temperature trends of this work are in perfect agreement with reported experiments
and the derived thermodynamic parameters are listed in table 4.18.
The calculated heat capacity of the B2→A2 transition for the BCC phase with 35 and 40 at.%
Al using the assessed parameter of the present work and from by Sundman et al. (2009) [195]
are shown in figure 4.46. It can be said that the cp trends, which were calculated using a
2-SL model, do not follow the trend of the measured heat capacity. This is only achieved by
the calculated cp trend of the 4-SL model [195], which shows a steep increase approaching the
B2→A2 transition temperature. In contrast, the calculated trend of TA2/B2 of the present work
is much closer to the experimentally determined temperatures than the ones calculated using
the 2-SL and 4-SL model of Sundman et al. (2009) [195].
4.7.2 Heat capacity of B2→A2
The following emprical expressions were discussed by Inden (1981) [346] to describe the cp
contribution of an order/disorder reaction.
clrop = K
lro ·R · ln
(
1 + τ3
1− τ3
)
, for τ < 1, (4.35)
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Figure 4.46: Comparison of calculated heat capacity of the B2→A2 transition in the Al-Fe
system for a) 35 at.% Al and b) 40 at.% Al using the thermodynamic parameters
reported by Sundman et al. (2009) [195] for the 4-Sl and 2-Sl model and using the
thermodynamic parameters of this work.
and
csrop = K
sro ·R · ln
(
1 + τ−5
1− τ−5
)
, for τ > 1 , (4.36)
with τ = T/Ttrans, the temperature of the order/disorder transition Ttrans and the parameters
K lro and Ksro. The parameters K lro and Ksro can be derived from fitting equations (4.35)
and (4.36) to measured heat capacity, respectively. The two contributions are related to long-
range-ordering (lro) and short-range-ordering (sro). The enthalpy contribution of long range
and short range order, ∆H lro and ∆Hsro respectively, can be calculated by
∆H lro =
∫ Ttrans
0
clrop dT = 0.645 ·K lro ·R · Ttrans (4.37)
and
∆Hsro =
∫ ∞
Ttrans
csrop dT = 0.598 ·Ksro ·R · Ttrans . (4.38)
The entropy contributions ∆Slro and ∆Ssro were defined in a similar way to
∆Slro =
∫ Ttrans
0
clrop
T
dT =
K lro · pi2 ·R
12
(4.39)
and
∆Ssro =
∫ ∞
Ttrans
csrop
T
dT =
Ksro · pi2 ·R
20
. (4.40)
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The parameter p, which was introduced in section 3.4.2, is then defined as
p =
∆Hsro
∆H lro + ∆Hsro
(4.41)
for which the values p = 0.28 for fcc and p = 0.4 for bcc materials were reported [346].
The measured cp values for compositions xAl = 0.35 and xAl = 0.4 were analysed based on
the above defined expressions. First, the order/disorder contribution to cp must be separated.
A linear function corresponding to the increasing cp of the material without an order/disorder
transition was estimated. The separated heat capacities were then fitted with equations (4.35)
and (4.36) and the parameters K lro and Ksro.
In case of the 35 at.% Al sample, the estimation of clinp was difficult. The order/disorder
transition gives detectable contributions to cp at temperatures at ≈ 650 K. Above the transition
temperature, a second contribution to cp was observed that can be related to the increasing
amount of thermal vacancies (see section 2.2.1). The solution was found by finding realistic
values of ∆Slro, ∆Ssro and a good connection to the measured cp below room temperature.
The last point means that the contribution of ordering to cp should be almost zero below the
temperature where the measured or extrapolated measured heat capacity intersects with the
derived linear function of the expected cp without ordering. The long-range order part could be
fitted in an acceptable manner. The results are shown in figure 4.47a and the found parameters
are listed in table 4.15.
For the 40 at.% Al sample, the measured cp was nearly linear increasing between the temper-
atures 300 K and 1000 K. Therefore, clinp was easily obtained. The separated values of c
B2→A2
p
were fitted with equation (4.35) too, but the strong non-linear increase by approaching the
transition temperature could not be reproduced using this expression. The results can be seen
in figure 4.47b and the found parameters are given in table 4.15. To obtain a value of ∆Slro, the
long-range order part of cB2→A2p was numerically integrated using the integrate.quad package
from SciPy [409].
In case of the 45 at.% Al sample, clinp was estimated based on the measured cp values up
to a temperature of 900 K. Above this temperature, as already mentioned in section 4.5.1,
different transitions were observed in the signal that may be related to vacancy diffusion. With
assuming that the main contribution to cp − clinp difference is related to the order/disorder
transition, equation (4.35) was used together with the calculated TA2/B2 = 1607 K to estimate
clrop . The results can be seen in figure 4.47c. Also in this case, equation (4.35) is not suitable
to describe the measured cp trend.
The main difference between the results of the three samples was the beginning of cB2→A2p
contribution to cp, which can be clearly seen in figure 4.47d. As mentioned above, c
B2→A2
p is
increasing already from room temperature in case of 35 at.% Al whereas cB2→A2p is zero up to
T ≈ 1000 K for the sample with 40 and 45 at.% Al. By comparing the trends shown in figure
4.47d, it can be assumed that the real beginning of the order/disorder transition is around
T = 1200 K in case of the 45 at.% Al sample. However, its contribution is superimposed by
additional transitions and therefore, it can not be easily separated from the measured cp.
The obtained values of ∆Slro will give an information about the starting degree of order if
they are compared with the possible maximal entropy gain SB2→A2 that can be calculated in
the following way.
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Figure 4.47: Estimated clinp and the fitted contributions of long-range-ordering and short-range
ordering to cp for samples with a) xAl = 0.35, b) xAl = 0.40, c) xAl = 0.45 and d)
the calculated contribution of clrop .
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Table 4.15: Obtained parameters of the fits to cB2→A2p for the 35, 40 and 45 at.% Al samples
and the derived values for ∆Slro, ∆H lro, p and estimated starting site fractions
y′Al,1.
xAl c
lin
p in J/K·mol
fitted TA2/B2
Klro Ksro in K
0.35 26.1+0.0065·T 0.408251 0.13046 1456
0.40 22.3158+0.0115676·T 0.582328 0.256901 1555
0.45 23.5933+0.00823627·T 0.289203 1607
xAl
calculated (fit) num. integrated
p y′Al,1∆Slro ∆H lro ∆Hsro ∆Slro ∆H lro
in J/K in J/mol in J/mol in J/K in J/mol
0.35 2.7918 3187.74 944.44 0.2285 0.001494
0.40 1986.24 2.1081 3044.59 0.3948 0.070567
The configurational entropy of disordered A2 is given by
cfgSA2 = −R · [(xAl) ln(xAl) + (1− xAl) ln(1− xAl)] , (4.42)
and the configurational entropy of ordered B2 by
cfgSB2 =
{
−0.5 ·R · [(2xAl) ln(2xAl) + (1− 2xAl) ln(1− 2xAl)] , for 0 ≤ xAl ≤ 0.5
−0.5 ·R · [(2xAl − 1) ln(2xAl − 1) + (2− 2xAl) ln(2− 2xAl)] , for 0.5 < xAl ≤ 1 ,
(4.43)
and the entropy gain is then calculated with
∆SB2→A2 = cfgSA2 − cfgSB2 . (4.44)
These functions and the calculated maximal entropy gain for xAl = 0.35 (∆S
B2→A2 =
2.8437 J/K·mol) and for xAl = 0.4 (∆SB2→A2 = 3.51544 J/K·mol) are plotted in figure 4.48a for
compositions 0 ≤ xAl ≤ 0.5. The values from the experiment, obtained by numerical integra-
tion, are ∆SB2→A2 = 2.7918 J/K·mol and ∆SB2→A2 = 2.1081 J/K·mol for the samples with 35 and
40 at.% Al, respectively. Both values are smaller than the maximal ones, which means that the
B2 phases were only partially ordered at the temperature Tstart at which the transitions started
(298.15 K and 1000 K). The site fraction y′Al can be estimated from measured c
B2→A2
p data by
solving
cfgSA2− (−0.5 ·R · [ (y′Al) ln(y′Al) + (1− y′Al) ln(1− y′Al)
+(2xAl − y′Al) ln(2xAl − y′Al) + (1− 2xAl + y′Al) ln(1− 2xAl + y′Al)])
= cfgSA2 − cfgSB2max −
(
S0 +
∫ TA2/B2
Tstart
cB2→A2p (T )
T
dT
)
(4.45)
for y′Al. To obtain the measured entropy gains, the calculated site fractions at Tstart are y
′
Al,1 =
0.001494 for xAl = 0.35 and y
′
Al,1 = 0.070567 for xAl = 0.4, which corresponds to 99.57 %
103
4 Results
ordering and 82.84 % ordering, respectively. This procedure is illustrated for the composition
with 40 at.% Al in figure 4.48b. The configurational entropy of the B2 phase can change
from the fully ordered state at y′Al,1 = 0 where
cfgSB2 = 2.08 J/K to the fully disordered state
at y′Al,1 = y
′
Al,2 = 0.4 where
cfgSB2 = cfgSA2 = 5.60 J/K. The possible entropy gain during
disordering is marked by a red line in figure 4.48b. The entropy gain is the difference between
cfgSA2 and cfgSB2 and depends on the starting degree of order. The experimentally determined
entropy gain and its calculated corresponding starting site fractions are marked as well in figure
4.48b.
The estimated trend of the degree of disorder (y′Al,1/xAl) based on the measured cp is shown
for xAl = 0.35 and xAl = 0.4 in figure 4.48c in comparison to the trends obtained from thermo-
dynamic calculations using the parameters derived in section 4.7.1 and using the parameters
for the four-sublattice (4-SL) model of the bcc phase from Sundman et al. (2009) [195]. In the
latter case, D03 ordering was modelled in addition to the A2/B2 transition. The calculated
trend of the heat capacity using this 4-SL model shows a realistic behaviour with temperature.
Because of that, it will be used here as a reference to compare the calculated trends of disorder
by the two methods. According to the thermodynamic calculations, the degree of disorder
tends to zero at lower temperatures for both thermodynamic parameter sets. In contradiction,
the calculated trends based on the cp measurement show that the degree of disorder approaches
a constant value above zero at temperatures approaching Tstart.
From these calculated trends of disorder, one can see that they steadily change from an
ordered to the disordered state without any jumps at a certain temperature, which is related
to the smooth heat capacity curve. The heat capacity was measured in several steps with
isothermal heating at different temperatures to reach steady state conditions in the DSC as
discussed in section 3.3. No kinetic effects connected to the possible change of the degree of
disorder was observed during these isothermal heatings. This indicates that the equilibrium
site occupancies of the lattice positions were always reached during the preceding heating, even
at lower temperatures. Therefore, the measured heat capacity of the A2/B2 transition and
also the calculated trends of the degree of disorder should be close to the true ones. It should
be mentioned that a constant degree of order at low temperature is not covered by current
thermodynamic modelling.
4.8 Assessment of the Al-Fe systen
4.8.1 Modelling of ζ
The structure of Al2Fe (50.5 ma% Fe) was determined by Corby and Black (1973) [410] to be
a triclinic structure. The structure consist of 3 mixed (Al, Fe) positions. Balanetskyy et al.
(2004) [56] found a C-centered monoclinic structure based on electron diffraction experiments.
A redetermination of the structure was done by Chumak et al. (2010) [407]. They confirmed the
triclinic structure, but they found one additional Fe site and one additional inversion symmetry
leading to the space group P1¯ with only one mixed site.
Based on the latest structure analysis by [407], the thermodynamic model
(Al)12(Fe)5(Al,Fe)2 (4.46)
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Figure 4.48: Calculated configurational entropy of A2 and B2, a) calculated maximal entropy
gain of the B2/A2 transition, b) entropy gain of B2 at xAl = 0.4 in dependence
of y′Al together with the marked site fractions were ∆S
B2→A2 = 2.108 J/K and c)
estimated trend of disorder calculated from cp values and from thermodynamic
modelling for xAl = 0.35 and xAl = 0.40.
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was chosen, which gives a composition range of ζ between approximately 63.2 and 73.7 at.% Al.
Thermal vacancies could be modelled using the approach proposed by Franke (2014) [34] or by
Guan and Liu (2017) [35]. However, without a proof of the existence of thermal vacancies and
their amount in the intermetallic phases ζ, η and θ, it was decided to use a simplier solution to
describe the measured thermodynamic properties. As it is not possible to directly include the
equation related to thermal vacancies as given in table 4.5 into the thermodynamic description,
the measured heat capacity was fitted by
cp = −c− 2d · T − 12e · T 3 − 6f · T 2 (4.47)
for T ≥ 298.15 K. In case of ζ, the obtained equation was used for modelling cp of the Fe-
rich endmember Al12Fe5Fe2. The heat capacity of the Al-rich endmember Al12Fe5Al2 is only
linear increasing with temperature by using the obtained cp equation without thermal vacancy
contribution (see table 4.5). In that way, cp will non-linearly increase in Fe-rich compositions at
higher temperatures, reproducing the observed thermodynamic properties of the intermetallic
phase. The obtained heat capacities of the endmembers of ζ are shown in figure 4.50a.
Using such thermodynamic model, implies that the amount of thermal vacancies in the
structure, expressed by the non-linear increase of cp with temperature, depends not only on
temperature but also on composition. The idea behind using different cp equations for the Fe-
rich and Al-rich endmember is that it can, in principle, destabilise the Al-rich compositions in
favour of the Fe-rich compositions at higher temperatures. And thus, by following the discussion
of Han et al. (2016) [4], the assumed thermodynamic influence of thermal vacancies on the
homogeneity range of the intermetallic phase is modelled without using a proper (thermal)
vacancy model. It is hoped here that the described model approach is a good compromise
between a realistic (physical) modelling and the need for simplification.
4.8.2 Modelling of η
The structure of η was proposed to be orthorhombic (Cmcm) with one partially occupied Al
position by Schubert et al. (1953) [411] and later, Schubert and Kluge (1953) [412] showed
that the structure of η becomes the same as for MnAl6 if two elemental cells of η are added
along the c-direction. X-ray and electron diffraction investigations were done on splat-cooled
Fe2Al5 samples by Ellner and Mayer (1992) [413] confirming the space group Cmcm. Detailed
structure investigations were done on a sample with the nominal composition Al71.5Fe28.5 by
Burkhardt et al. (1994) [401]. In this study, one additional atomic position was found for Al,
which resulted in the structure model given in table 4.16. The corresponding thermodynamic
model would be
(Al)8(Fe)4(Al,Va)4(Al,Va)8 (4.48)
with possible vacancies in two sublattices. No more information on the occupancy of the vacancy
positions are available. Therefore, site occupancy on two sublattices can not be modelled
accurately. For the thermodynamic assessment, mixing on one sublattice was used resulting in
the model
(Al)8(Fe)4(Al,Va)12 , (4.49)
which gives a composition range between approximately 66.6 and 83.3 at.% Al. One problem
occured during the assessment of the Al-Fe system. It was not possible to obtain a good
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Table 4.16: Structure model of η.
Space Group Atom Position Reference
Cmcm, No. 63
Fe 4c
Burkhardt et al. (1994) [401]
Al 8g
Al (oc=0.32), Va 4b
Al (oc=0.24), Va 8f
reproduction of the η homogeneity range and an equilibrium between θ and the Al-rich FCC
phase at the same time. Instead, the Al-rich endmember of the η-phase model was always too
stable resulting in an equilibrium of η (Al-rich) + FCC. Therefore, the maximum composition
range of the η-phase model must be narrowed assuming maximal concentration of Al to be
75 at.% Al by using the model
(Al)8(Fe)4(Al,Va)4 . (4.50)
The heat capacity of η was modelled similar to that of ζ. Here, the thermodynamic model
includes the presence of vacancies in one sublattice to model the observed homogeneity range
of the phase. In reality, thermal vacancies are in principal not limited to the Wyckoff positions
4b and 8f and should be included in the thermodynamic description using a more physical
approach that is at the moment limited by the used software. However, in case of η, the non-
linear increase of cp with increasing amount of thermal vacancies is approximated by setting
the cp of the vacancy endmember Al8Fe4Va4 equal to a fit of equation (4.47) to the measured
cp values. Again, the thermal vacancies are not directly included in the model. In case of the
η phase, they are expressed using the cp equation of the constitutional vacancy endmember. The
cp of the Al-rich endmember Al8Fe4Al4 is linear increasing with temperature as explained above
for ζ. The obtained heat capacities for both endmembers are shown in figure 4.50b. It should be
mentioned that the observed phase transitions in η around T = 600 K (see section 4.5.2) were not
taken into account in the thermodynamic description of this work. Only tentative informations
are available for the low temperature part of the homogeneity range of η [38, 414]. Therefore,
modelling of the order/disorder transitions in η must be included in a future assessment.
4.8.3 Modelling of θ
The structure of θ was found to be monoclinic with space group C2/m (12) by Black (1955)
[415]. The elemental cell consist of 100 atoms in 20 atomic positions. The crystal structure
was confirmed by Grin et al. (1994) [408] who found only one aluminium site with partial
occupancy. The corresponding thermodynamic model would be
(Al)74(Fe)24(Al,Va)4 (4.51)
describing the homogeneity range between approximately 75.5 and 76.5 at.% Al. In this work,
the minimal determined Al-content of θ is ≈ 74 at.% Al (see section 4.6.2) in agreement with
literature [4]. Therefore, the model
(Al)0.6275(Fe)0.235(Al,Va)0.1375 (4.52)
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proposed by Seierstein (1998) [191] with a homogeneity range between approximately 72.8 and
76.5 at.% Al was accepted. The same model approach as in case of η was used to describe heat
capacity, which is shown for both endmembers in figure 4.50c. It should be mentioned that the
reported polymorphic transition in θ [39,40] was not considered in thermodynamic modelling.
4.8.4 Modelling of ε
The structure of ε with 60 at.% Al was determined by high temperature in-situ neutron diffrac-
tion experiments to be of Hume-Rothery Cu5Zn8-type (SG I4¯3m, No. 217) as reported by Stein
et al. (2010) [402] and by Vogel et al. (2010) [403]. Iron excess in a slightly non-stoichiometric
Fe5Al8 was found on the 24g positions only [403]. Aluminium excess in Fe5Al8 was not in-
vestigated so far. However, similar site occupancies were observed in Cu5Zn8. The structural
change of Cu5−xZn8+x for x = −0.59 to 0.79 was investigated by Gourdon et al. (2007) [416].
It was found that in stoichiometric Cu5Zn8 the sites 8c and 12e were occupied by Cu and the
sites 8c and 24g were occupied by Zn only. With excess of Zn or Cu, the excess atoms will be
only on the 12e positions in case of Zn and on 24g in case of Cu. This behaviour is consistent
with the findings by Heidenstam et al. (1968) [417] for stoichiometric Cu5Zn8 and by Stein et
al. (2010) [402] for ε in the Al-Fe system.
The accepted crystallographic structure model for ε is summarised in table 4.17. The corre-
sponding sublattice model is
(Fe)8(Al)8(Al,Fe)12(Al,Fe)24 (4.53)
with mixing of Al and Fe in two sublattices corresponding to the 12e and 24g Wyckoff positions.
The thermodynamic model used in the COST 507 project to describe the Cu5Zn8 phase by
Kowalski and Spencer (1993) [418] was also a four-sublattice model, but with mixing on the 8c
sites in contradiction to the newer experimental results. The sublattice model (Al,Fe)5(Al,Fe)8
was used by Sundman et al. (2009) [195] to describe the ε phase with endmembers of pure Al
and Fe. In order to reproduce the above mentioned crystallographic findings of ε, the modelled
solubility compositions must be exactly along the axis between the endmembers Al8Fe8Fe12Fe24
and Al8Fe8Fe12Al24, and between Al8Fe8Fe12Al24 and Al8Fe8Al12Al24 in the compositional
square as shown by a red line in figure 4.49.
By using the model as shown by equation (4.53), it was not possible to reproduce the ex-
perimentally determined solubilities of Fe and Al in ε. The calculated solubility range was too
narrow comparable with the results shown by Sundman et al. (2009) [195] and the obtained site
fractions of Al and Fe resulted in compositions only near the axes and not exactly on the axes
of the compositional square, which is schematically illustrated by a dashed line in figure 4.49.
The reason is that there is more than one solution to fulfill the composition of stoichiometric
Fe5Al8 with the model expressed by equation (4.53). The compositions deviating from the red
line in figure 4.49 are stabilised by configurational entropy.
Based only on the few structural findings reported for the ε-phase structure of the Al-Fe
system, it was not possible to find a satisfying solution using the given thermodynamic model
(equation (4.53)) that describes both - the crystallography and the homogeneity range of ε.
It should be mentioned that more informations on the trend of occupancies of Al and Fe on
the two sublattices with temperature for different compositions are needed to justify the model
proposed above for the Cu5Zn8-type phases. Here, the focus was laid on reproducing the
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Figure 4.49: Compositional square of the ε-phase model (Fe)8(Al)8(Al,Fe)12(Al,Fe)24. The ex-
perimentally determined site occupancies are on the red line. The calculation
results are schematically shown by the dashed line.
Table 4.17: Structure model of ε.
Space Group Atom Position Reference
I4¯3m
Fe 8c
Al 8c Gourdon et al. (2007) [416]
Al, Fe 12e Stein et al. (2010) [402]
Al, Fe 24g
reported solubility range. For that, the two sublattices representing the 12e and 24g sites were
combined into one by using the simplified model
(Al)8(Fe)8(Al,Fe)36 . (4.54)
By using this model, it was possible to reproduce the experimental results in a good manner.
The heat capacity description of ε is based on the experimental values (see section 4.4.2) and
the results of the cp prediction (see section 4.2.2) as follows. The predicted heat capacity at
T = 1450 K is ≈ 10 J/K·mol below the measured one. For the measured temperature range, the
heat capacity of ε is linear increasing. If the cp is extrapolated from the measured values to
room temperatures, an unrealistic trend of heat capacity would be obtained. Therefore, the cp
of ε is described by a linear equation connecting the predicted values near room temperature
with the measured values at high temperatures. With that, a realistic trend is modelled for
the metastable temperature range and the modelled cp is close to the measured one when ε is
stable. The resulting heat capacity of both endmembers is the same as it is shown in figure
4.50d.
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Figure 4.50: Molar heat capacity of the endmembers of the modelled intermetallic phases a) ζ,
b) η, c) θ and d) ε in comparison to the experimental values.
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4.8.5 The calculated phase diagram
The assessment of the Fe-Al system is based on the experimental results reported by Stein
and Palm (2007) [57], Li et al. (2016) [5], Han et al. (2016) [4] and on results of this work.
Parameters for the phases ε, ζ, η, θ, BCC B2 and liquid were optimised. The thermodynamic
description of A2 BCC and FCC A1 was accepted from the work of Seierstein (1998) [191], only
the Curie temperature of A2 BCC was changed as discussed in section 4.7.1. The calculated
phase diagram of the Fe-Al system is shown in figure 4.51 and the obtained thermodynamic
parameters are listed in table 4.18.
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Figure 4.51: Calculated phase diagram of the Fe-Al system.
Table 4.18: Thermodynamic parameters of the Al-Fe system.
phase parameter value reference
liquid GliquidAl −HSERAl GALLIQ [1]
GliquidFe −HSERFe GFELIQ [1]
0LliquidAl,Fe −89119.1 + 20.4808 · T this work
1LliquidAl,Fe −10752.5 + 8.8022 · T this work
2LliquidAl,Fe 3103.2 + 0.3221 · T this work
epsilon GepsilonAl:Fe:Fe − 8HSERAl − 44HSERFe −1110000 + 5007.8681 · T this work
−898.4144 · T · ln(T )− 0.45359288 · T 2
GepsilonAl:Fe:Al − 44HSERAl − 8HSERFe −276722.3 + 4220 · T this work
−898.4144 · T · ln(T )− 0.45359288 · T 2
0LepsilonAl:Fe:Al,Fe −1838972.4 + 2.5805 · T this work
1LepsilonAl:Fe:Al,Fe −4691839 + 3558.4270 · T this work
Continued on next page
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Table 4.18 – continued from previous page
phase parameter value reference
zeta GzetaAl:Fe:Al − 14HSERAl − 5HSERFe −575167.8 + 2402.6807 · T this work
−432.1056 · T · ln(T )− 0.066401105 · T 2
+1566274.5 · T−1
GzetaAl:Fe:Fe − 12HSERAl − 7HSERFe −554383 + 893.2723 · T this work
−173.61174 · T · ln(T )− 0.6089367 · T 2
+2.459436E-04 · T 3 − 5.311E-08 · T 4
eta GetaAl:Fe:Al − 12HSERAl − 4HSERFe −489589.6 + 2134.1820 · T this work
−377.0176 · T ln(T )− 0.0494676 · T 2
+1940352 · T−1
GetaAl:Fe:Va − 8HSERAl − 4HSERFe −352407.4 + 870.2313 · T this work
−162.4812 · T · ln(T )− 0.2465892 · T 2
+8.1354E-05 · T 3 − 1.551672E-08 · T 4
theta GthetaAl:Fe:Al −30543.6 + 143.6343 · T this work
−0.765HSERAl − 0.235HSERFe −25.3674 · T ln(T )− 0.001549605 · T 2
+163227.5 · T−1
GthetaAl:Fe:Va −26391.8 + 90.0757 · T this work
−0.6275HSERAl − 0.235HSERFe −15.2734 · T ln(T )− 0.0178165 · T 2
+6.29955E-06 · T 3 − 1.27236E-09 · T 4
FCC A1 GFCC A1Al:Va −HSERAl GHSERAL [1]
GFCC A1Fe:Va −HSERFe GFEFCC [1]
0GFCC A1Al,Fe:Va −76066.1 + 18.6758 · T [191]
1GFCC A1Al,Fe:Va 21167.4 + 1.3398 · T [191]
TC
FCC A1
Fe:Va −201 [191]
βFCC A1Fe:Va −2.1 [191]
BCC A2 GBCC A2Al:Va −HSERAl GALBCC [1]
GBCC A2Fe:Va −HSERFe GHSERFE [1]
TC
BCC A2
Fe:Va 1043 [1]
βBCC A2Fe:Va 2.22 [1]
0LBCC A2Al,Fe:Va 4 · (−30740 + 7.9972 · T ) [191]
1LBCC A2Al,Fe:Va 8 · (368.15) [191]
0TC
BCC A2
Al,Fe:Va −2292.17 this work
1TC
BCC A2
Al,Fe:Va −7553.94 this work
2TC
BCC A2
Al,Fe:Va −4435.63 this work
B2 BCC GB2 BCCFe:Al:Va − 0.5HSERAl − 0.5HSERFe −12072.2 this work
GB2 BCCAl:Fe:Va − 0.5HSERAl − 0.5HSERFe −12072.2 this work
1LB2 BCCAl,Fe:*:Va =
1LB2 BCC*:Al,Fe:Va −733.7 this work
2LB2 BCCAl,Fe:*:Va =
2LB2 BCC*:Al,Fe:Va −1221.9 this work
TC
B2 BCC
Al:Fe:Va = TC
B2 BCC
Fe:Al:Va −360 this work
Continued on next page
112
4.8 Assessment of the Al-Fe systen
Table 4.18 – continued from previous page
phase parameter value reference
0TC
B2 BCC
Al,Fe:*:Va =
0TC
B2 BCC
*:Al,Fe:Va 360 this work
βB2 BCCAl:Fe:Va = β
B2 BCC
Fe:Al:Va 2 · −1.36 [195]
0βB2 BCCAl,Fe:*:Va =
0βB2 BCC*:Al,Fe:Va 2 · −0.3 [195]
1βB2 BCCAl,Fe:*:Va =
1βB2 BCC*:Al,Fe:Va 2 · −0.8 [195]
2βB2 BCCAl,Fe:*:Va =
2βB2 BCC*:Al,Fe:Va 2 · 0.2 [195]
The calculated phase diagram between 50 and 80 at.% Al is shown in figure 4.52a in com-
parison with the experimental results of this work. The transition temperatures determined
by DTA are very well reproduced. The three intermetallics ζ, η and ζ were modelled as so-
lution phases. All three phases follow the trend of the experimental determined homogeneity
ranges. However, it was not possible to reproduce the shifting to Fe-rich compositions at higher
temperatures for ζ and η. The calculated homogeneity range of η is almost constant to tem-
peratures near the melting point not reproducing the experimentally determined broadening
above 1000 K. The homogeneity range of ε is very well reproduced by the calculation and the
overall agreement of the homogeneity ranges of ζ, η and θ in comparison to experimental data
is very good as it can be seen in figure 4.52b. The increased solubility of aluminium in B2 is
reproduced and its evolution with temperature is in very good agreement with experiments.
According to the calculation, ε and θ form peritectically from melt, η melts congruently
and ζ forms in an eutectoid transition, which is in agreement with the reported experimental
findings. The calculated temperatures of the invariant transitions are within ±5 K of the
reported ones. In figure 4.52c, the corresponding section of the phase diagram is shown in
comparison to experimental and calculated invariant temperatures. Comparison of calculated
invariant temperatures from the present work and from literature is given in table 4.19. It should
be mentioned that the calculated temperature difference between the transition temperature
of L→ ε+ η and ε+ η→ ζ is much better reproduced in this work in comparison to the results
reported by Sundman et al. (2009) [195].
The trend of the liquidus on the Al-rich side of the phase diagram is in very good agreement
with experimental values, which can be seen in figure 4.52d. On the Fe-rich side of the Al-
Fe phase diagram, the calculated trend of liquidus and solidus temperatures is in very good
agreement with experiments, which is shown in figure 4.53a. The calculated partial enthalpy of
mixing of Al and Fe in liquid at a temperature of 1873 K is shown in figure 4.53c in comparison
to experimental values [62, 65]. The experimental values are very well reproduced by the
calculated ones. Only the partial enthalpy of mixing of Al in Fe-rich liquid is slightly too
negative in comparison to the reported values.
At temperatures slightly above the intersection of the Curie temperature of A2 TA2C with
TA2/B2, a miscibility gap between disordered A2 and ordered B2 is formed at the tricritical
point at a temperature of 939 K, as discussed in section 2.2.1, which is reproduced by the
thermodynamic calculations of the present work. The corresponding part of the phase diagram
is shown in figure 4.53b. According to [57], the phase field A2 + B2 exists only between the
tricritical point and T = 812 K. The upper and lower limit of the A2 + B2 miscibility gap is
marked in figure 4.53b as dotted lines.
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Figure 4.52: Calculated phase diagrams of the Al-rich side of the Fe-Al system in comparison to
experimental data of a) this work and b)+d) in comparison to reported experimen-
tal results of [4,5,57]. c) Comparison of the calaculated temperatures of invariant
reactions obtained in this work with reported experimental and calculated values
from literature [4, 5, 195].
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Figure 4.53: a)+b) Calculated phase diagrams of the Fe-rich side of the Al-Fe system in compar-
ison to experimental data reported by [4,5,57,118]. c) Calculated partial enthalpy
of mixing of Al and Fe in liquid at T = 1873.15 K in comparison to experimental
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Table 4.19: Measured and calculated temperatures of invariant reactions of the Al-Fe system derived in this work in comparison
to experimental and calculated values reported by Lee (1960) [47], Stein and Palm (2007) [57], Jacobs and Schmid-
Fetzer (2009) [2], Sundman et al. (2009) [195], Han et al. (2016) [4], Li et al. (2016) [5], Phan et al. (2014) [194] and
Zheng et al. (2017) [196].
Ref.
Temperature in K
L + B2→ ε L→ ε+ η ε+ η→ ζ ε→B2 + ζ L→ η L + η→θ L→θ+ fcc
measured
[47] 1501.9 1426.6 1416.7 1365.5 925.2
[57] 1504.1 1428.1 1419.1 1368.1 > 1430.1 1422.1
[4] 1505.75 1430.25 1419.95 1368.35 1424.35
[5] 1504.15 1428.65 1418.15 1368.15 1423.15
this work 1507.07 1430.27 1422.28 1369.17 1425.24
calculated
[2], Model B 1501.2 1430.1 1428.2 1357.4 1434.7 1424.6 927.2
[195] 1495.44 1427.03 1426.29 1377.73 1423.96
[194] 1501 1426 1417 1366 1420 926
[196] 1506 1429 1417 1370 1423 926
this work 1505.03 1429.18 1418.59 1369.58 1432.88 1422.56 922.59
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4.9 Assessment of the Al-rich part of the Al-Fe-Si system
The Al-rich part of the Al-Fe-Si system was re-assessed based on the work of Eleno et al. (2010)
[316], but using the new Al-Fe binary parameters of the present work and an altered description
of Cui and Jung (2017) [285] for the Fe-Si system without modelling of the D03 ordering in the
BCC-phase. The focus was laid on reproducing of reported homogeneity ranges and formation
temperatures of the AlFeSi-intermetallic phases that are in contact with an Al-rich melt (τ2,
τ4, τ5 and τ6).
4.9.1 Modelling and optimisation
The BW-parameter set according to Cui and Jung (2017) [285] was used in the present work for
the description of the Fe-Si system to be compatible with the used substitutional model of the
liquid phase. In order to be consistent with the BCC-phase description of the Al-Fe system, the
reported D03 modelling must be excluded from this parameter set. Thus, the four-sublattice
description of BCC as given in [285] was altered to a two-sublattice description to only model
the A2/B2 ordering. The B2 BCC description was reduced to only one parameter
GB2 BCCFe:Si:Va = G
B2 BCC
Si:Fe:Va = −14925.1− 4.6578 · T . (4.55)
These values were found using the experimentally determined temperature of the A2/B2 tran-
sition as evaluated by Cui and Jung (2017) [285] based on the experimental works of Ettwig
and Pepperhoff (1972) [419] and Schlatte (1974) [420]. A very good agreement between the cal-
culated transition temperature with the accepted experimentally determined one was achieved.
The calculated Fe-Si phase diagram is shown together with the experimental data on the A2/B2
transition in figure 4.54. It should be mentioned that with the parameter set excluding D03 or-
dering, the calculated temperature of the eutectoid reaction Fe5Si3→B2 + FeSi is shifted from
1098 K to slightly below 500 K as it was also reported by Cui and Jung (2017) [285] for their
MQM-parameter set. No effort was made to further optimise the thermodynamic description
of the system so that the original thermodynamic parameters of the phases and the new B2
description can be easily used in other works based on the parameters reported by [285].
The models for τ2, τ4, τ5 and τ6 of the Al-Fe-Si system were adopted from [316]. For
optimisation of thermodynamic parameters of the ternary phases, the following experimental
results were used. Values on homogeneity ranges at 823 K were accepted from Krendelsberger et
al. (2007) [286], at 843 K and 873 K from Stefa´niay et al. (1987) [296], at 1000 K from Pontevichi
et al. (2004) [301] and at 1073 K from Marker et al. (2011) [287]. Temperatures of transition and
formation of the intermetallic phases were accepted from Krendelsberger et al. (2007) [286]. The
isopleths of the Al-rich section of the Al-Fe-Si system reported by Pontevichi et al. (2004) [302]
was not used as input for optimisation, but it was used to check the reliability of the obtained
parameters.
4.9.2 Results
The obtained thermodynamic parameters for the Al-Fe-Si system are listed in table 4.20. Cal-
culated isothermal sections at temperatures of 823 K and 1000 K are shown in comparison to
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Figure 4.54: Calculated Fe-Si phase diagram based on the description by Cui and Jung (2017)
[285] with altered B2 BCC parameters of this work.
experimental data in figures 4.55a and 4.55b, respectively. The agreement between the calcu-
lated and measured compositions of the intermetallic phases is good. The calculated isopleth
at 13.5 mass % Si is shown in figure 4.55c. Here, the calculated liquidus temperatures are in
very good agreement with the reported values from Pontevichi et al. (2004) [302].
Calculated temperatures of invariant reactions are shown in comparison to experimental
values [286] in table 4.21. All calculated temperatures are within ±10 K of the experimental
values.
It can be said that with the obtained thermodynamic parameters, the Al-rich side of the Al-
Fe-Si system can be reproduced by thermodynamic calculations. They can be used to calculate
reactions involving the phases liquid, τ2, τ4, τ5 and τ6. The reaction of formation of τ2, τ4 and
τ5 can not be calculated using the current dataset because the thermodynamic description of
the other intermetallic phases τ3, τ7 and τ8 were not included in the assessment of this work.
Table 4.20: Thermodynamic parameters of the Al-Fe-Si system.
phase parameter value reference
liquid 0LliquidAl,Fe,Si −229275 + 250.064 · T this work
theta
GthetaAl:Fe:Si − 0.6275HSERAl −10271− 12.029 · T this work−0.235HSERFe − 0.1375HSERSi
τ2
Gτ2Al:Fe:Si:Al − 0.7HSERAl −22892 + 2.9580 · T this work−0.2HSERFe − 0.1HSERSi
Gτ2Al:Fe:Si:Si − 0.5HSERAl −25035 + 4.9361 · T this work−0.2HSERFe − 0.3HSERSi
Continued on next page
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Table 4.20 – continued from previous page
phase parameter value reference
0Lτ2Al:Fe:Si:Al,Si 39.6 this work
τ4
Gτ4Al:Fe:Si:Al − 0.5833HSERAl −17739 [316]−0.1667HSERFe − 0.25HSERSi
Gτ4Al:Fe:Si:Si − 0.4166HSERAl −18767 + 1.4424 · T this work−0.1667HSERFe − 0.4167HSERSi
0Lτ4Al:Fe:Si:Al,Si 1167.5 this work
τ5
Gτ5Al:Fe:Si:Al − 0.7604HSERAl −26826 + 8.5343 · T this work−0.19HSERFE − 0.0496HSERSi
Gτ5Al:Fe:Si:Si − 0.6612HSERAl −20678 + 0.8242 · T this work−0.19HSERFe − 0.1488HSERSi
0Lτ5Al:Fe:Si:Al,Si 447.8 this work
τ6
Gτ6Al:Fe:Si:Al − 0.748HSERAl −22542 + 8.2345 · T this work−0.152HSERFe − 0.1HSERSi
Gτ6Al:Fe:Si:Si − 0.598HSERAl −12018− 3.8711 · T this work−0.152HSERFe − 0.25HSERSi
0Lτ6Al:Fe:Si:Al,Si -2207.2 this work
4.10 Assessment of the Al-Fe-Mg system
An optimisation of the liquid interaction parameter 0LliquidAl,Fe,Mg = 119863 was done based on the
experimental data reported by Phillips (1941) [284]. Experimental data on the ternary system
is very limited as only the Al-rich side of the phase diagram was studied. Therefore, it is difficult
to find good thermodynamic parameters for the whole ternary system and that is why only
the 0LliquidAl,Fe,Mg parameter was used in optimisation. However, an acceptable agreement between
the experimental and calculated results was achieved. A comparison between calculated and
experimentally determined isopleths can be seen in figure 4.56.
4.11 Assessment of the Fe-Mg-Si system
The ternary interaction parameters of the liquid phase 0LliquidFe,Mg,Si = −58367.2372, 1LliquidFe,Mg,Si =
−146757.835 and 2LliquidFe,Mg,Si = −87710.8322 were obtained by optimisation to reproduce the
miscibility gap in liquid at a temperature of 1727 K [320]. The calculated isothermal section of
the ternary system at this temperature and a pressure of 10 bar is shown in figure 4.57. The
calculated phase diagram reproduces very well the reported experimental findings.
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Figure 4.55: Calculated phase diagrams of the Al-Fe-Si system in comparison to reported ex-
perimental results by Pontevichi et al. (2004) [301, 302] and Krendelsberger et
al. (2007) [286]. Isothermal sections at a temperature of a) 823 K and b) at 1000 K,
and c) isopleth at 13.5 mass % Si.
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Figure 4.56: Calculated phase diagrams of the Al-Fe-Mg system in comparison to experimental
results from Phillips (1941) [284]. Isopleths at a) w(Mg) = 0.01, b) w(Mg) = 0.04
and c) w(Fe) = 0.01.
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Table 4.21: Calculated temperatures of invariant reactions of the Al-rich part of the Al-Fe-Si
system in comparison to experimental data reported by Krendelsberger et al. (2007)
[286].
Reaction
Temperature in K
calc. exp.
L + θ+ τ2→ τ5 1047.2 1039
L + τ2 + τ4→ τ6 936 938
L + τ2→ τ5 + τ6 924.2 921
L + θ→ fcc-(Al) + τ5 916 909
L + τ5→ fcc-(Al) + τ6 884.7 882
L + τ4→ τ6 + (Si) 869.01 869
L→ fcc-(Al) + (Si) + τ6 848 850
bcc
Figure 4.57: Calculated isothermal section of the Fe-Mg-Si system at T = 1727 K and p = 10 bar
together with the reported experimental results by Guichelaar et al. (1971) [320].
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Table 4.22: Measured composition of the Al-AZ-0 alloy (A356).
Element mass% Element mass%
Al 92.1413 Mn 0.003
Si 7.3 P 0.0013
Mg 0.29 Ca 0.0006
Ti 0.15 Sr 0.0001
Fe 0.1 Na <0.0001
Zn 0.007 Cu 0
Sb 0.0066
Table 4.23: Highest temperatures and cooling conditions of the different Al-AZ DTA experi-
ments.
Sample Tmax [K] cooling rate [K/min]
Al-AZ-I 953 30
Al-AZ-II 953 5
Al-AZ-III 993 30
Al-AZ-IV 993 5
Al-AZ-V 953 2
4.12 Investigation of an A356 alloy
Samples were used based on a commercial A356 alloy (Trimet Aluminium AG) with the chemical
composition shown in table 4.22. Melting and cooling experiments were done by means of DTA
(Setsys Evolution 1750, SETARAM) under Ar atmosphere in alumina crucibles.
The samples were heated to a temperature of 953 K or 993 K with a heating rate of 10 K/min,
cooled down to 723 K with cooling rates 30, 5 and 2 K/min, respectively, and then down to room
temperature with 30 K/min. The details of heating and cooling program can be found in table
4.23. The relatively slow cooling rates were chosen to identify iron containing intermetallics
using electron microscopy.
Samples after DTA were grinded, polished and investigated by SEM with EDS and EBSD
measurements. The experimental results were compared with thermodynamic calculations
based on the description of the the Al-Fe-Mg-Si system derived in this work.
4.12.1 Results
Thermodynamic calculations were done on the composition of the A356 alloy reduced to the
Al-Fe-Mg-Si system (in mass percent: Al 92.31, Si 7.3, Mg 0.29 and Fe 0.1). In figure 4.58a the
calculated phase-fraction vs. temperature diagram is shown. This diagram shows the amount of
phases formed in case of thermodynamic equilibrium conditions. The Mg2Si phase disappears
at 748.3 K on heating. The liquid phase forms at 840.0 K while τ6 and (Si) disappear at 843.5 K
and 847.8 K, respectively. The amount of fcc is decreasing in the range between 840.0 and
886.5 K until the transformation to the liquid phase is completed.
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Figure 4.58: Calculated a) phase fraction vs. temperature diagram and b) the Scheil-
solidification scheme of the selected A356 alloy composition.
In figure 4.58b, the result of the Scheil or Gulliver-Scheil simulation [421, 422] of reactions
proceeding during casting is presented. The Scheil simulation is based on the assumption of
local equilibrium and that there is infinitely fast diffusion in the liquid phase and no diffusion
in the solid phases. The Scheil approach provides a more realistic description of an industrial
casting process than equilibrium calculations. Comparison of the Scheil solidification results
presented in figure 4.58b with the equilibrium calculation (figure 4.58a) reveals two differences:
(1) The end of solidification for Scheil simulation is at 830.1 K in comparison to 840.0 K at
equilibrium; (2) Mg2Si is solidified from the melt instead of the precipitation from solid phases
at 748.3 K in case of equilibrium cooling.
The obtained DTA curve on heating is shown in figure 4.59a. Two heat effects can be
observed - one at a temperature of 834 K and another at 886 K. These effects can be related
with the beginning and the end of melting of the as-cast sample, respectively. This results are a
good agreement with the calculated solidus and liquidus temperatures of the Scheil simulation.
The DTA cooling curves obtained at 30 and 2 K/min cooling rate are presented in figures
4.59b and 4.59c, respectively. The results are remarkably different for the fastest cooling rate
of 30 K/min and the slowest cooling rate of 2 K/min. At 30 K/min cooling rate, the primary crys-
tallisation started at 875.6 K with a corresponding undercooling effect of 10 K. The peak of the
last heat effect was detected at a temperature of 823.2 K. At the slowest cooling rate of 2 K/min,
no undercooling occurred and at least four other exothermic peaks can be distinguished. Here,
the beginning of crystallisation started at 885.6 K that fits very well the calculated temperature
of 886.5 K according to the equilibrium and Scheil solidification. The observed heat effect at
843.7 K (peak) can be related to the solidification of silicon during the phase field L + fcc+ (Si)
occuring in the range between 847.8 and 842.3 K according to the Scheil simulation. The heat
effects observed at a temperature of 840.5 K (peak) and 822 K (peak) can be related to the for-
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mation of AlFeSi-τ6 starting from 842.3 K and to the formation of the Mg2Si phase at 830.1 K
according to the Scheil simulation. It should be mentioned that the real crystallisation tem-
peratures of the phases must be extracted from onset point determination. However, it was
not possible in this case to determine the onset points because of the overlapping of the heat
effects even at the slowest cooling rate of 2 K/min. The given values of the peak temperatures
are therefore smaller than the real transition temperatures in case of cooling. The heat effect
observed at 834.6 K is probably due to the AlFeMgSi-pi-phase formation, which is not included
in the present thermodynamic description of the quaternary system.
The formation of the pi-phase before Mg2Si was estimated from the calculated temperatures
of the Scheil simulation. As mentioned above, the peak at 822 K with an estimated onset point
at approximately 828 K can be related to the formation of Mg2Si. Its onset point is closer to
the calculated value of 830.1 K than to the peak temperature of the peak at 834.6 K, which
corresponding onset point temperature is even higher. Therefore, it is concluded here that the
AlFeMgSi-pi-phase will crystallise after the AlFeSi-τ6 phase started to solidify and before the
Mg2Si phase crystallises.
The microstructure of all samples after DTA experiments performed at different cooling rates
were found to be similar to each other. Only the grain size of the phases changed with decreasing
cooling rate: With 30 K/min cooling rate the fcc-(Al) grains were small and intermetallic phases
with needle-like morphologies and grain sizes up to 20 µm were found in between. With the
slowest cooling rate of 2 K/min the fcc-(Al) grain size increased more than three times and the
intermetallic phases were found to be more elongated up to the size of 100 µm. The latter
sample was used to identify the intermetallic phases with EBSD measurements.
It was assumed that the slow cooling rate of 2 K/min would lead to a solidification according
to the equilibrium calculation (figure 4.58a), but this was refused after examination of the
microstructure. A SEM micrograph of the sample after DTA with 2 K/min cooling rate is shown
in figure 4.60a. The phase marked as (3) was assumed to be Mg2Si from the measurement of
chemical composition with EDS. The existence of Mg2Si that is not precipitated within the fcc-
(Al) grains can be only explained by direct solidification from the liquid phase. This is indeed
calculated by the shown Scheil-simulation. Beside fcc-(Al) marked as (1) the two impurity
phases AlFeSi-τ6 [423] (2) and the AlFeMgSi-pi phase [328] (4) were found and proven by EBSD
measurements as shown in figures 4.60b and 4.60c, respectively.
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Figure 4.59: Obtained DTA signal of a) the as cast sample on heating with 10 K/min and DTA
cooling signals of the melted sample with cooling rates of b) 30 K/min and c) 2 K/min.
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Figure 4.60: a) SEM micrograph with BSE contrast of Al-AZ after DTA with a cooling rate of
2 K/min. Phases: (1) fcc-(Al), (2) AlFeSi-τ6, (3) Mg2Si and (4) AlFeMgSi-pi with
indexed EBSD pattern of b) AlFeSi-τ6 and c) AlFeMgSi-pi.
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5 Summary
The aim of this work was to improve the heat capacity estimation of a material for usage within
a CALPHAD-type assessment. Heat capacity is normally estimated using the Neumann-Kopp
approach with all its drawbacks, such as kinks in cp related to phase transformations of pure
elements. The described algorithm of the present work estimates the trend of heat capacity
with temperature based on zero Kelvin properties and the thermal expansion coefficient at the
Debye temperature. The algorithm predicts not only the trend of heat capacity but also the
temperature trend of the volume and the bulk modulus, which can be also included in new
thermodynamic databases.
The parameters of the algorithm can be purely predicted or estimated based on experimen-
tal data. The latter approach is preferred here. With it, thermophysical properties of the
intermetallic phases η (Fe2Al5), ε (Fe5Al8) and τ4 (FeAl3Si2) were assessed.
The heat capacity of the intermetallic phases ζ, η, θ and ε of the Al-Fe system and of τ4 of the
Al-Fe-Si system was measured using DSC. For the phases ζ, η, and θ, a non-linear increase of cp
approaching the melting temperature was observed. It was assumed here that it can be related
to the formation of thermal vacancies. In addition, the heat capacity of three bcc-based Al-Fe
samples including the B2→A2 transition were determined. By assuming only configurational
entropy change during the order/disorder transition, the trend of the order parameter with
temperature was calculated from the measured heat capacity values of B2-phase samples.
The Al-rich section of the Al-Fe phase diagram was studied using DTA and quenching experi-
ments. The liquidus and solidus temperatures in the range of the intermetallic phases agree very
well with the values reported by [47] and the recently reported ones by [4,5]. The homogeneity
ranges of the intermetallic phases were determined using SEM/WDS measurements.
Based on own and literature values, a thermodynamic description of the Al-Fe system was
assessed including the modelling of A2/B2 ordering and the homogeneity range of all inter-
metallic phases. In addition, thermodynamic parameters of the Al-Fe-Si, Al-Fe-Mg, and the
Fe-Mg-Si system were assessed to obtain a thermodynamic description of the Al-rich side of the
Al-Fe-Si-Mg system, which can be used to study phase transitions of typical A356-aluminium
alloys.
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A.1 DTA
Table A.1: Determined DTA onset temperatures in the Al-Fe system.
comp. in HR Temperature in K
at.% Al in K/min OP I OP II OP III OP IV
55.99
10 1369.01 1507.02 1551.49
5 1369.06 1507.05 1551.44
2 1368.95 1507.06 1550.71
60.88
10 1368.49 1461.48 1493.31
5 1369.33 1381.05 1463.02 1493.43
2 1369.20 1378.19 1462.80 1492.95
61.56
10 1368.82 1471.12 1499.82
5 1368.86 1471.45 1499.07
2 1368.73 1471.80 1498.64
63.00
10 1368.93 1413.24 1441.11 1480.91
5 1369.36 1412.53 1442.13 1480.12
2 1369.78 1412.41 1442.85 1479.49
65.93
10 1368.72 1423.08 1429.42 1457.50
5 1368.94 1424.90 1429.65 1457.30
2 1369.10 1423.86 1429.59 1456.98
10 1368.91 1426.16 1429.29 1458.97
5 1368.98 1425.43 1429.19 1458.36
2 1368.97 1424.72 1429.33 1457.66
66.54
10 1418.70 1419.49 1428.59
5 1419.76 1420.22 1429.61
2 1420.33 1420.85 1430.20 1444.86
67.00
10 1419.31 1429.13
5 1420.46 1430.62
2 1420.97 1431.01
68.00
10 1419.44 1429.59
5 1419.64 1429.91
Continued on next page
129
A Appendix
Table A.1 – continued from previous page
comp. in HR Temperature in K
at.% Al in K/min Peak I Peak II Peak III Peak IV
2 1419.67 1430.02 1442.42
70.00
10 1430.05
5 1430.29
2 1430.20
72.687
10 1423.95
5 1424.51
2 1424.46
1 1424.68
0.5 1424.62 1430.91
0.2 1424.64 1430.54
73.70
10 1424.53
5 1424.67
2 1425.31
75.34
10 1389.87
5 1396.72
2 1402.99
A.2 Partial derivatives
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For convenience, the magnetic thermodynamic parameters of the A2 and B2 description are abbreviated as follows
a = TC
A2
Fe a0 =
0TC
A2
Al,Fe a1 =
1TC
A2
Al,Fe a2 =
2TC
A2
Al,Fe
βa = β
A2
Fe
b = TC
B2
Al:Fe b0 =
0TC
B2
Al,Fe:*
βb = β
B2
Al:Fe βb0 =
0βB2Al,Fe:* βb1 =
1βB2Al,Fe:* βb2 =
2βB2Al,Fe:* (A.1)
and TC is given by
TC = a · (1− xAl)
+a0 · (xAl − xAl2)
+a1 · (−2xAl3 + 3xAl2 − xAl)
+a2 · (−4xAl4 + 8xAl3 − 5xAl2 + xAl)
+b · (−4xAly′Al + 2xAl + 2y′Al2)
+b0 · (−4xAl2 + 4xAly′Al + 2xAl − 2y′Al2)
−(b+ b0) · (−2xAl2 + 2xAl) . (A.2)
The first and second derivative of f(τ) with respect to y′Al is
∂f(τ)
∂y′Al
=

−474 ·
(
1
p
− 1
)
· T
15 ·K1 + T 9 ·K2 + T 3 ·K3
497 ·A −
79 · (b0 − b) ·K0
140 ·A · T · p , for τ < 1
−
(5·(b0−b)·K0)·TC4
10·T 5 +
(15·(b0−b)·K0)·TC14
315·T 15 +
(25·(b0−b)·K0)·TC24
1500·T 25
A
, for τ ≥ 1
(A.3)
and
∂2f(τ)
∂y′Al
2 =

−474 ·
(
1
p
− 1
)
·
T 15 · 60·(b0−b)
600·TC16 +
T 15·16·15·K4
600·TC17 + T
9 · 36·(b0−b)
135·TC10 +
T 9·10·9·K4
135·TC11 + T
3 · 12·(b0−b)
6·TC4 +
T 3·4·3·K4
6·TC5
497 ·A
− 316 · (b− b0)
140 ·A · T · p , for τ < 1
−
20·(b−b0)·TC4
10·T 5 +
4·5·K5·TC3
10·T 5 +
60·(b−b0)·TC14
315·T 15 +
14·15·K5·TC13
315·T 15 +
100·(b−b0)·TC24
1500·T 25 +
24·25·K5·TC23
1500·T 25
A
, for τ ≥ 1
(A.4)
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, respectively, with
K0 = 4xAl − 4y′Al
K1 =
15 · (b− b0) ·K0
600 · TC16
K2 =
9 · (b− b0) ·K0
135 · TC10
K3 =
3 · (b− b0) ·K0
6 · TC4
K4 = (b− b0)2 ·K02 K5 = (b0 − b)2 ·K02 .
(A.5)
The first and second derivative of ln(β + 1) with respect to y′Al is
∂ ln(β + 1)
∂y′Al
=
(βb0 − βb) ·K0 +K6
K7
(A.6)
and
∂2 ln(β + 1)
∂y′Al
2 =
4βb − 4βb0 + βb1 · (−24xAl + 12) + βb2 · (−192xAl2 + 192xAly′Al + 96xAl − 96y′Al2 − 20)
K7
− K8
2
K7
2
(A.7)
, respectively, with
K6 =βb1 · (24xAl2 − 24xAly′Al − 12xAl + 12y′Al)
+ βb2 · (128xAl3 − 192xAl2y′Al − 96xAl2 + 96xAly′Al2 + 96xAly′Al + 20xAl − 32y′Al3 − 20y′Al)
K7 =βa · (1− xAl) + βb · (−4xAly′Al + 2xAl + 2y′Al2)
+ βb0 · (−4xAl2 + 4xAly′Al + 2xAl − 2y′Al2)
+ βb1 · (−12xAl3 + 24xAl2y′Al + 6xAl2 − 12xAly′Al2 − 12xAly′Al + 6y′Al2)
+ βb2 ·
(
− 56xAl4 + 128xAl3y′Al + 48xAl3 − 96xAl2y′Al2 − 96xAl2y′Al − 10xAl2
+ 32xAly
′
Al
3
+ 48xAly
′
Al
2
+ 20xAly
′
Al − 8y′Al4 − 10y′Al2
)
− (βb + βb0) · (−2xAl2 + 2xAl) + 1
K8 =(βb − βb0) ·K0
− βb1 · (24xAl2 − 24xAly′Al − 12xAl + 12y′Al)
− βb2 · (128xAl3 − 192xAl2y′Al − 96xAl2 + 96xAly′Al2 + 96xAly′Al + 20xAl − 32y′Al3 − 20y′Al) .
(A.8)
1
3
2
List of Figures
2.1 Correlation between αV and Tm as reported by Carnelley (1879) [17]. . . . . . . 5
2.2 Contour map of the anisotropy factor F (p1, p2) as presented by Jasiukiewicz and
Karpus (2003) [25]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Estimated cp of Al2Fe per formula unit based on Neumann-Kopp rule and the
SGTE unary database [1]. cp of Al and Fe as they contribute to the cp of Al2Fe. 10
2.4 Proposed part of the Al-Fe phase diagram around the tricritical point of A2 and
B2 as reported by Allen and Cahn (1975) [121]. . . . . . . . . . . . . . . . . . . 13
2.5 Proposed Fe-rich part of the Al-Fe phase diagram by Ko¨ster and Go¨decke (1980)
[82]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.6 Evaluated Al-Fe phase diagram by Kattner and Burton (1993) [3]. . . . . . . . 15
2.7 Experimentally determined Al-rich part of the Al-Fe phase diagram by Han et
al. (2016) [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.8 Accepted binary phase diagrams of the systems a) Al-Mg [247, 248], b) Al-Si
[197,198], c) Fe-Mg [281] and d) Mg-Si [197,253]. . . . . . . . . . . . . . . . . . 18
3.1 EPMA/WDS results of the two phase sample ζ+ η of the Al-Fe system (67.00 at.%
Al) annealed at a temperature of 1073 K. . . . . . . . . . . . . . . . . . . . . . 22
3.2 DTA signal of the 63.00 at.% Al sample of the Al-Fe system heated with 2 K/min
above the liquidus temperature. Four transitions were found and their onset
points were determined from the constructed extrapolated baselines and the
tangent of the corresponding peak. . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3 Scheme of the definitions of Φ∗ and time t∗, with * ∈ {0, ref, spl}. . . . . . . . 25
4.1 Reported trend of B(T ) for several elements. The values for Ar, Kr and Xe
are taken from Urvas et al. (1967) [351]; all other values are taken from the
compilation by Wern (2004) [350]. . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.2 a) Calculated trend of ∆cp(Ti) on the example of silver with ΘD = 215 K. b)
Calculated ∆cp(Ti) at Ti = 103 K using the quadratic equation and the linear
equation for estimation in case of T ≤ ΘD. c) Calculated ∆cp(Ti) at Ti = 578 K
using the linear equation for estimation in case of T > ΘD. . . . . . . . . . . . 35
4.3 Calculated cV with ΘD = 215 K and ΘD = 245 K in comparison to experimental
cp [354]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.4 Calculated course of the bulk modulus of silver. Bfit = 109.792−0.0218291·T for
B < 0.9998 ·B0 and T > TBtrans. Experimental data are taken from Wern (2004)
[350]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.5 Best fit of experimental data [350] by calculated volume using αΘDV = 55.15 ·
10−6/K for silver. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
133
List of Figures
4.6 a) Plot of calculated vs. calorimetric Debye temperatures. b) Linear correlation
between the calorimetric Debye temperature and Es = B0/ρ0. . . . . . . . . . . . 40
4.7 Correlation between α
ΘD,fit
V and the melting temperature Tm for the elements. . 40
4.8 Calculated heat capacity of a) silver and b) tungsten in comparison to experi-
mental data (Ag: [363], W: [364]). c) Calculated cp − cV differences of silver. . 42
4.9 On the example of silver: a) Deviation of calculated cp with changing the pa-
rameters αΘDV , B0, V0, m, ΘD by ten percent. Calculated trends of b) αV , c) V
and d) cp with changed α
ΘD
V by ±1, ±2, ±5 and ±10 %. . . . . . . . . . . . . . 43
4.10 Calculated values of a) αV , b) V and c) cp for silver based on purely predicted
parameters (blue), predicted parameters with refined αΘDV (black dashed) and
completely refined parameters of the cp algorithm (red). . . . . . . . . . . . . . 45
4.11 Calculated trends of a) αV and b) cp for η (Fe2Al5) based on calculated param-
eters by DFT in comparison to the results of the DFT calculations [37]. . . . . 51
4.12 Calculated trends of a) αV , b) V and c) cp for ε (Fe5Al8) based on predicted
parameters with refined αΘDV , and with refined α
ΘD
V and V0 of the cp algorithm. 52
4.13 Calculated trends of a) V and b) cp for τ4 (FeAl3Si2). cp values are compared
with the result of the DFT calculation [308]. . . . . . . . . . . . . . . . . . . . . 53
4.14 Determined heat capacity, standard deviation of the mean value and calculated
difference betweem the mean value and standard cp of a) sapphire and b) cor-
rundum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.15 Measured cp of platinum in comparison to c
Pt
p,ref [406] using a) the LR approach
and b) the SR approach. c) Comparison of the measured cp of platinum using
the SR and LR approach together with the corresponding standard deviation of
the respective mean values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.16 SEM micrograph (BSE contrast) of the 40 at.% Al sample after cp measurement. 57
4.17 DSC signal of the B2 → A2 transition of B2-FeAl alloys with 35 at.% Al and
40 at.% Al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.18 Measured cp of B2 a) 35.0 at.% Al in comparison with experimental work from
Inden and Pepperhoff (1990) [67]: 35.5 at.% Al, b) 40.0 at.% Al in comparison
with results from Reddy and Deevi (2000) [69] and c) 45.0 at.% Al in comparison
with experimental work [67]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.19 SEM micrographs (BSE contrast) of the a) ζ-phase sample showing two phases
ζ+ η after cp measurement. Result of the digital grey-value analysis is shown
in the overlay (9.6 vol.% η+ 90.4 vol.% ζ), b) η-phase sample showing large single
phase grains of η after cp measurement and c) θ-phase sample showing two phases
η+ θ after annealing at 918 K. Result of the EBSD analysis (phase contrast) is
shown in the overlay: 1.7 vol.% η (pink) + 98.3 vol.% θ (green) as well as indexed
EBSD pattern of that phases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.20 Obtained heat capacity of the intermetallic phases a) ζ, b) (LT, HT)-η and c)
θ of the Al-Fe system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.21 Comparison of a) the calculated heat capacities of ζ, η and θ using the obtained
cp polynomals and b) the calculated evolution of the fraction of thermal vacancies
xth,vac for the intermetallic phases ζ, HT-η and θ up to their respective melting
points. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
134
List of Figures
4.22 Measured cp values of ε (60.88 at.% Al) together with the borders of 3% of the
mean value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.23 a) Obtained DTA signals of the τ4-phase sample on heating with 10 K/min. b)
Measured cp of τ4 in comparison to the calculated cp using ab-initio methods [308]. 70
4.24 Measured XRD pattern of the τ4-phase sample quenched from T = 973 K in com-
parison to the calculated intensities after Rietveld refinement using the structure
model reported by Gueneau et al. (1995) [405] for τ4 (FeAl3Si2). . . . . . . . . 70
4.25 Observed exothermic effects in DSC on heating of the a) 35 at.% Al and 40 at.%
Al and b) 45 at.% Al B2 sample. . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.26 Obtained baseline corrected DTA signals of η-phase samples using a heating rate
of 5 K/min together with seperated peaks of the proposed transitions. Composi-
tions are nominal compositions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.27 a ) DTA signal of the 71.67+? at.% Al sample obtained with a heating rate of
5 K/min showing a sub-solidus reaction at 1365 K. b) Scheme of the Al-rich Al-Fe
system with the marked five η-phase sample compositions. . . . . . . . . . . . . 75
4.28 SEM micrograph of the quenched 71.67+? at.% Al sample after annealing at
1393 K with indexed EBSD pattern of η [401] and θ [408]. . . . . . . . . . . . . 75
4.29 SEM micrographs of as cast η-phase samples a)+b) 71.17 at.% Al, c)+d) 71.67 at.%
Al, and e)+f) 72.16 at.% Al showing primary dendritic η-phase grains and sec-
ondary θ-phase grains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.30 a) Measured heat capacity of the 71.17 at.% Al, 71.67+? at.% Al and 72.16 at.%
Al sample. The proposed range of transition from ordered (LT) to disordered
(HT) η is marked as well as the maximum temperatures of transition. b) Heat
flow signal of the heat-treated 71.67+? at.% Al sample and the as-cast 71.7 at.%
Al sample with an exothermic transition at 345.5 K. The transition of the ordered
to disordered η was in both samples between 523 K and 553 K. . . . . . . . . . 78
4.31 XRD results on quenched S2 samples from 1273 K and from 523 K. In the 1273 K
sample all reflections can be related to the Fe2Al5 structure model by Burkhardt
et al. [401]. Additional reflections from the investigated ordered phase are marked
in the enlarged graph. The lower position marks in both graphs showing the ex-
pected position of reflections from the approximant used by the DFT calculation
(see [37] for more details). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.32 Obtained baseline corrected DSC signals of heat treated η-phase samples using
a heating rate of 10 K/min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.33 SEM micrographs of substructures (marked as η and η’) in Al-rich η-phase grains
that can be related to a possible two phase field. . . . . . . . . . . . . . . . . . 81
4.34 SEM micrographs of 66.54 at.% Al samples after DTA a) heating to a tempera-
ture between the ones of L→ ε+ η and ε+ η→ ζ, b)+c) cooled from 1443 K to
1425 K with 1 K/min, held isothermally and furnace cooled to room temperature
after observation of first peak of crystallisation, and d) after cooling with 15 K/min. 82
4.35 Scheme of the Al-rich side of the Al-Fe phase diagram adopting the results of
Han et al. (2016) [4]. The here proposed ζ-phase field, which is suppressed until
the eutectoidic transformation of ε, is marked by a green dashed line. . . . . . . 83
4.36 Measured DTA signals with a heating rate of 2 K/min and determined onset points
of the samples between 55.99 at.% Al and 65.93 at.% Al. . . . . . . . . . . . . . 86
135
List of Figures
4.37 Measured DTA signals and determined onset points of the samples between
66.54 at.% Al and 75.34 at.% Al. If not otherwise declared, the heating rate
(HR) was always 2 K/min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.38 SEM micrographs of the 73.70 at.% Al sample after DTA showing a) small pri-
mary η-phase grains in a matrix of large uniform θ-phase grains and b) the
results of an EBSD mapping (phase contrast) confirming the phase assignment. 88
4.39 SEM micrographs of quenched samples with former ε-phase grains a)+b) 55.99 at.%
Al, T = 1426 K, c)+d) 61.56 at.% Al, T = 1426 K and e)+f) 63.00 at.% Al,
T = 1393 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.40 SEM micrographs (BSE contrast) of a)+b) the 55.99 at.% Al sample after DTA
and sample 63.00 at.% Al quenched from temperature of c)+d) 973 K and e)
1173 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.41 SEM micrographs (BSE contrast) of quenched samples a) 66.54 at.% Al from
T = 1073 K and b) 67.00 at.% Al from T = 1173 K. . . . . . . . . . . . . . . . . 91
4.42 SEM micrographs (BSE contrast) of quenched sample 73.70 at.% Al from a)
1073 K and b) 1418 K, and c) sample 75.34 at.% Al 55.99 at.% Al from T =
1173 K. Precipitation of η in secondary θ-phase grains along certain orientations
of the θ-phase crystal for the 73.70 at.% Al sample during annealing at d) 1073 K
and e) 1173 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.43 Experimentally determined Al-rich side of the Al-Fe phase diagram. The crosses
mark DTA results whereas the other symbols representing determined compo-
sitions measured with EDS and WDS. Investigated sample compositions are
marked by dotted lines and the dashed lines showing tentative the end of the
homogeneity ranges of B2 and θ, which where not investigated in this study.
Compositions not determined in the present work were adopted from Han et
al. (2016) [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.44 Calculated thermodynamic functions of B2 BCC at xAl = 0.35. a) G at T =
1000 K, b) G at T = 1800 K, and c) ∂2G/∂y′Al
2. . . . . . . . . . . . . . . . . . . 98
4.45 Calculated trend of TA2C and TA2/B2 up to 50 at.% Al in comparison to experi-
mental data from Stein and Palm (2007) [57] and the calculated trend of TA2/B2
using the thermodynamic parameters reported by Seierstein (1998) [191] and
Sundman et al. (2009) [195]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.46 Comparison of calculated heat capacity of the B2→A2 transition in the Al-Fe
system for a) 35 at.% Al and b) 40 at.% Al using the thermodynamic parameters
reported by Sundman et al. (2009) [195] for the 4-Sl and 2-Sl model and using
the thermodynamic parameters of this work. . . . . . . . . . . . . . . . . . . . 100
4.47 Estimated clinp and the fitted contributions of long-range-ordering and short-range
ordering to cp for samples with a) xAl = 0.35, b) xAl = 0.40, c) xAl = 0.45 and
d) the calculated contribution of clrop . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.48 Calculated configurational entropy of A2 and B2, a) calculated maximal entropy
gain of the B2/A2 transition, b) entropy gain of B2 at xAl = 0.4 in dependence
of y′Al together with the marked site fractions were ∆S
B2→A2 = 2.108 J/K and c)
estimated trend of disorder calculated from cp values and from thermodynamic
modelling for xAl = 0.35 and xAl = 0.40. . . . . . . . . . . . . . . . . . . . . . . 105
136
List of Figures
4.49 Compositional square of the ε-phase model (Fe)8(Al)8(Al,Fe)12(Al,Fe)24. The
experimentally determined site occupancies are on the red line. The calculation
results are schematically shown by the dashed line. . . . . . . . . . . . . . . . . 109
4.50 Molar heat capacity of the endmembers of the modelled intermetallic phases a)
ζ, b) η, c) θ and d) ε in comparison to the experimental values. . . . . . . . . . 110
4.51 Calculated phase diagram of the Fe-Al system. . . . . . . . . . . . . . . . . . . 111
4.52 Calculated phase diagrams of the Al-rich side of the Fe-Al system in compari-
son to experimental data of a) this work and b)+d) in comparison to reported
experimental results of [4,5,57]. c) Comparison of the calaculated temperatures
of invariant reactions obtained in this work with reported experimental and cal-
culated values from literature [4, 5, 195]. . . . . . . . . . . . . . . . . . . . . . . 114
4.53 a)+b) Calculated phase diagrams of the Fe-rich side of the Al-Fe system in
comparison to experimental data reported by [4,5,57,118]. c) Calculated partial
enthalpy of mixing of Al and Fe in liquid at T = 1873.15 K in comparison to
experimental values [62,65]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
4.54 Calculated Fe-Si phase diagram based on the description by Cui and Jung (2017)
[285] with altered B2 BCC parameters of this work. . . . . . . . . . . . . . . . 118
4.55 Calculated phase diagrams of the Al-Fe-Si system in comparison to reported
experimental results by Pontevichi et al. (2004) [301, 302] and Krendelsberger
et al. (2007) [286]. Isothermal sections at a temperature of a) 823 K and b) at
1000 K, and c) isopleth at 13.5 mass % Si. . . . . . . . . . . . . . . . . . . . . . 120
4.56 Calculated phase diagrams of the Al-Fe-Mg system in comparison to experi-
mental results from Phillips (1941) [284]. Isopleths at a) w(Mg) = 0.01, b)
w(Mg) = 0.04 and c) w(Fe) = 0.01. . . . . . . . . . . . . . . . . . . . . . . . . . 121
4.57 Calculated isothermal section of the Fe-Mg-Si system at T = 1727 K and p =
10 bar together with the reported experimental results by Guichelaar et al. (1971)
[320]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
4.58 Calculated a) phase fraction vs. temperature diagram and b) the Scheil-solidification
scheme of the selected A356 alloy composition. . . . . . . . . . . . . . . . . . . 124
4.59 Obtained DTA signal of a) the as cast sample on heating with 10 K/min and DTA
cooling signals of the melted sample with cooling rates of b) 30 K/min and c) 2 K/min.126
4.60 a) SEM micrograph with BSE contrast of Al-AZ after DTA with a cooling rate of
2 K/min. Phases: (1) fcc-(Al), (2) AlFeSi-τ6, (3) Mg2Si and (4) AlFeMgSi-pi with
indexed EBSD pattern of b) AlFeSi-τ6 and c) AlFeMgSi-pi. . . . . . . . . . . . . 127
137
List of Tables
2.1 Different Debye temperatures used in the present work. . . . . . . . . . . . . . 8
3.1 Weighed masses and nominal sample compositions in the Al-Fe system. . . . . 21
3.2 Annealing temperatures and times for the quenching experiments of the Al-Fe
system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.1 Zero Kelvin properties of substances and, if possible, the derived value of α
ΘD,fit
V .
Substances with a #-number were taken from Wern (2004) [350]. Listed proper-
ties are based on data reported in the given reference after the substance name
and/or in the reference given after the specific value. . . . . . . . . . . . . . . . 46
4.2 Measured cp of B2 (35.0 at.% Al) with T in K and cp in J/K·mol. . . . . . . . . . 58
4.3 Measured cp of B2 (40.0 at.% Al) with T in K and cp in J/K·mol. . . . . . . . . . 60
4.4 Measured cp of B2 (45.0 at.%) Al with T in K and cp in J/K·mol. . . . . . . . . . 60
4.5 Fitted parameters of the cp-equations (2.4), (2.28) and (2.30) and derived ther-
modynamic properties of the intermetallic phases ζ, η and θ of the Al-Fe system. 64
4.6 Measured cp of ζ (FeAl2) with T in K and cp in J/K·mol. . . . . . . . . . . . . . 65
4.7 Measured heat capacity of η-AlFe with T in K and cp in J/K·mol. . . . . . . . . . 66
4.8 Measured cp of θ (Fe4Al13) with T in K and cp in J/K·mol. . . . . . . . . . . . . 67
4.9 Measured cp of ε (60.88 at.% Al) with T in K and cp in J/K·mol. . . . . . . . . . 67
4.10 Measured cp of τ4 (FeAl3Si2) with T in K and cp in J/K·mol. . . . . . . . . . . . 67
4.11 Results of sample characterisation of S1, S2-I, S2-II, S3 and S4. OP=onset point. 73
4.12 Determined DTA transition temperatures on heating of the η-phase samples
using the peak separation method. . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.13 Temperatures of extrapolated onset points (OP) at a heating rate of 0 K/min.
Invariant reactions are marked with an asterisk (∗) and their temperatures are
given as T ± σ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.14 Determined chemical compositions in the Al-Fe system. The former ε-phase is
marked as [B2 + ζ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.15 Obtained parameters of the fits to cB2→A2p for the 35, 40 and 45 at.% Al samples
and the derived values for ∆Slro, ∆H lro, p and estimated starting site fractions
y′Al,1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.16 Structure model of η. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
4.17 Structure model of ε. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.18 Thermodynamic parameters of the Al-Fe system. . . . . . . . . . . . . . . . . . 111
138
List of Tables
4.19 Measured and calculated temperatures of invariant reactions of the Al-Fe sys-
tem derived in this work in comparison to experimental and calculated values re-
ported by Lee (1960) [47], Stein and Palm (2007) [57], Jacobs and Schmid-Fetzer
(2009) [2], Sundman et al. (2009) [195], Han et al. (2016) [4], Li et al. (2016) [5],
Phan et al. (2014) [194] and Zheng et al. (2017) [196]. . . . . . . . . . . . . . . 116
4.20 Thermodynamic parameters of the Al-Fe-Si system. . . . . . . . . . . . . . . . 118
4.21 Calculated temperatures of invariant reactions of the Al-rich part of the Al-Fe-
Si system in comparison to experimental data reported by Krendelsberger et
al. (2007) [286]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
4.22 Measured composition of the Al-AZ-0 alloy (A356). . . . . . . . . . . . . . . . . 123
4.23 Highest temperatures and cooling conditions of the different Al-AZ DTA exper-
iments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
A.1 Determined DTA onset temperatures in the Al-Fe system. . . . . . . . . . . . . 129
139
Bibliography
[1] Dinsdale, A.T.: SGTE data for pure elements. Calphad 15(1991):317–425.
[2] Jacobs, Michel H.G. and Schmid-Fetzer, Rainer: Phase behavior and thermodynamic
properties in the system Fe–Al. Calphad 33(2009):170–178.
[3] Kattner, U.R. and Burton, B.P.: Phase Diagrams of Binary Iron Alloys, chapter Al-Fe
(Aluminium-Iron), pages 12–28. ASM International, 1993.
[4] Han, K.; Ohnuma, I. and Kainuma, R.: Experimental determination of phase equilib-
ria of Al-rich portion in the Al-Fe binary system. Journal of Alloys and Compounds
668(2016):97–106.
[5] Li, Xiaolin; Scherf, Anke; Heilmaier, Martin and Stein, Frank: The Al-Rich Part of the
Fe-Al Phase Diagram. Journal of Phase Equilibria and Diffusion 37(2016):162–173.
[6] Petit, A.T. and Dulong, P.L.: Researches on some important Points of the Theory of
Heat. Annals of Philosophy 14(1819):189–198.
[7] Kopp, Hermann: Investigations of the Specific Heat of Solid Bodies. Philosophical trans-
actions of the Royal Society of London 155(1865):71–202.
[8] Einstein, A.: Die Plancksche Theorie der Strahlung und die Theorie der spezifischen
Wa¨rme. Annalen der Physik 327(1907):180–190.
[9] Debye, P.: Zur Theorie der spezifischen Wa¨rmen. Annalen der Physik 344(1912):789–
839.
[10] Gru¨neisen, E.: Zusammenhang zwischen Kompressibilita¨t, thermischer Ausdehnung,
Atomvolumen und Atomwa¨rme der Metalle. Annalen der Physik 331(1908):393–402.
[11] Gru¨neisen, E.: Handbuch der Physik - Band X - Thermische Eigenschaften der Stoffe,
chapter Zustand des festen Ko¨rpers, pages 1–59. Verlag von Julius Springer, Berlin, 1926.
[12] Anderson, Orson L.: Equations of State of Solids for Geophysics and Ceramic Science.
Oxford University Press, 1995.
[13] Gru¨neisen, E.: U¨ber die thermische Ausdehnung und die spezifische Wa¨rme der Metalle.
Annalen der Physik 331(1908):211–216.
[14] Gru¨neisen, E.: U¨ber den Einfluß von Temperatur und Druck auf Ausdehnungskoeffizient
und spezifische Wa¨rme der Metalle. Annalen der Physik 338(1910):65–78.
140
Bibliography
[15] Chang, Y.A.: A Correlation of the Coefficients of Thermal Expansion of Metallic Solids
with Temperature. The Journal of Physical Chemistry 70(1966):1310–1312.
[16] Garai, Jozsef: Correlation between thermal expansion and heat capacity. Calphad
30(2006):354–356.
[17] Carnelley, Th.: Ueber die Beziehung zwischen den Schmelzpunkten der Elemente und
ihren Ausdehnungscoefficienten durch Wa¨rme. Berichte der Deutschen Chemischen
Gesellschaft 12(1879):439–442.
[18] Wiebe, H.F.: Ueber die specifische Wa¨rme und die Ausdehnung der starren Elemente.
Berichte der Deutschen Chemischen Gesellschaft 13(1880):1258–1262.
[19] Wiebe, H.F.: U¨ber die Beziehung des Schmelzpunktes zum Ausdehnungskoeffizienten der
starren Elemente. Verhandlungen der Deutschen Physikalischen Gesellschaft 8(1906):91–
94.
[20] Hidnert, Peter and Souder, Wilmer: Thermal Expansion of Solids. Circular of the Bureau
of Standards 486(1950):1–29.
[21] Anderson, Orson L.: A simplified method for calculation the Debye temperature from
elastic constants. Journal of Physics and Chemistry of Solids 24(1963):909–917.
[22] Hill, R.: The Elastic Behaviour of a Crystalline Aggregate. Proceedings of the Physical
Society. Section A 65(1952):349.
[23] Moruzzi, V.L.; Janak, J.F. and Schwarz, K.: Calculated thermal properties of metals.
Physical Review B 37(1988):790–799.
[24] Chen, Q. and Sundman, B.: Calculation of Debye Temperature for Crystaline Structures
- A case study on Ti, Zr, and Hf. Acta Materialia 49(2001):947–961.
[25] Jasiukiewicz, Cz. and Karpus, V.: Debye temperature of cubic crystals. Solid State Com-
munications 128(2003):167–169.
[26] Grimvall, G. and Sjo¨din, S.: Correlation of Properties of Materials to Debye and Melting
Temperatures. Physica Scripta 10(1974):340.
[27] Kelley, K.K. and King, E.G.: Contributions to the Data on Theoretical MetaMetallurgy.
XIV. Entropies of the Elements and inorganic Compounds. Bureau of Mines Bulletin
592(1961):1–149.
[28] Woodfield, B.F.; Boerio-Goates, J.; Shapiro, J.L.; Putnam, R.L. and Navrotsky, A.:
Molar heat capacity and thermodynamic functions of zirconolite CaZrTi2O7. The Journal
of Chemical Thermodynamics 31(1999):245 – 253.
[29] Hom, Benjamin K.; Stevens, Rebecca; Woodfield, Brian F.; Boerio-Goates, Juliana; Put-
nam, Robert L.; Helean, Katherine B. and Navrotsky, Alexandra: The thermodynamics of
formation, molar heat capacity, and thermodynamic functions ofZrTiO4(cr). The Journal
of Chemical Thermodynamics 33(2001):165 – 178.
141
Bibliography
[30] Maier, Chas.G. and Kelley, K.K.: An Equation For The Representation Of High-
temperature Heat Content Data. Journal of the American Chemical Society
54(1932):3243–3246.
[31] Neumann, F.E.: Untersuchung u¨ber die specifische Wa¨rme der Mineralien. Annalen der
Physik und Chemie 23(1831):1–39.
[32] Kraftmakher, Ya. A. and Strelkov, P.G.: Energy of Formation and Concentration of
Vacancies in Tungsten. Soviet Physics 4(1962):1662–1664.
[33] Kraftmakher, Yaakov: Equilibrium vacancies and thermophysical properties of metals.
Physics Reports 299(1998):79–188.
[34] Franke, Peter: Modeling of Thermal Vacancies in Metals within the Framework of the
Compound Energy Formalism. Journal of Phase Equilibria and Diffusion 35(2014):780–
787.
[35] Guan, Pin-Wen and Liu, Zi-Kui: A physical model of thermal vacancies within the CAL-
PHAD approach. Scripta Materialia 133(2017):5–8.
[36] Bradley, A.J. and Jay, A.H.: The Formation of Superlattices in Alloys of Iron and Alu-
minium. Proceedings of the Royal Society of London. Series A 136(1932):210–232.
[37] Zienert, Tilo; Amirkhanyan, Lilit; Seidel, Ju¨rgen; Wirnata, Rene; Weissbach, Torsten;
Gruber, Thomas; Fabrichnaya, Olga and Kortus, Jens: Heat capacity of η-AlFe (Fe2Al5).
Intermetallics 77(2016):14–22.
[38] Okamoto, Norihiko L.; Okumura, Jumpei; Higashi, Masaya and Inui, Haruyuki: Crystal
structure of η’-Fe3Al8; low-temperature phase of η-Fe2Al5 accompanied by an ordered
arrangement of Al atoms of full occupancy in the c-axis chain sites. Acta Materialia
129(2017):290–299.
[39] Ellner, M. and Burkhardt, U.: Zur Bildung von Drehmehrlingen mit pentagonaler Pseu-
dosymmetrie beim Erstarrungsvorgang des Fe4Al13. Journal of Alloys and Compounds
198(1993):91–100.
[40] Ellner, M.: Polymorphic phase transformation of Fe4Al13 causing multiple twinning with
decagonal pseudo-symmetry. Acta Crystallographica Section B 51(1995):31–36.
[41] Kurnakow, N.; Urasow, G. and Grigorjew, A.: Legierungen des Eisens mit Aluminium.
Zeitschrift fu¨r anorganische und allgemeine Chemie 125(1922):207–227.
[42] Gwyer, A.G.C. and Phillips, H.W.L.: The Constitution of Alloys of Aluminium with
Silicon and Iron. Journal of the Institute of Metals 38(1927):29–83.
[43] Osawa, Atomi: On the Equilibrium Diagram of Iron-Aluminium System. The science
reports of the T¯ohoku University 22(1933):803–823.
[44] Fink, William L. and Freche, H.R.: Correlation of Equilibrium Relations in Binary Alu-
minium Alloys of High Purity. Transactions of the American Institute of Mining and
Metallurgical Engineers 111(1934):304–318.
142
Bibliography
[45] Bradley, A.J. and Taylor, A.: An X-Ray Study of the Iron-Nickel-Aluminium Ternary
Equilibrium Diagram. Proceedings of the Royal Society of London. Series A. Mathematical
and Physical Sciences 166(1938):353–375.
[46] Roth, A.: U¨ber die Lo¨slichkeit von Eisen in Aluminium. Zeitschrift fu¨r Metallkunde
31(1939):299–301.
[47] Lee, J.R.: Liquidus-solidus relations in the system iron-aluminium. Journal of The Iron
and Steel Institute 194(1960):222–224.
[48] Nishio, Michitaka; Nasu, Saburo and Murakami, Yotaro: Solid Solubility of Iron in Alu-
minum by means of the Fe57 Mo¨ssbauer Effect. Journal of the Japan Institute of Metals
34(1970):1173–1177.
[49] Nasu, S.; Gonser, U.; Bla¨sius, A. and Fujita, F.E.: Phase Analysis in Metals and Alloys
by Mo¨ssbauer Spectroscopy. Journal de Physique Colloques 40(1979):619–620.
[50] Lendvai, Anna: The phase diagram of the Al-Fe system up to 45 mass % iron. Ther-
mochimica Acta 93(1985):681–684.
[51] Griger, A´gnes; Stefa´niay, Vilmos and Turmezey, Tibor: Crystallographic Data and Chem-
ical Compositions of Aluminium-Rich Al-Fe Intermetallic Phases. Zeitschrift fu¨r Metal-
lkunde 77(1986):30–35.
[52] Lendvai, Anna: Phase diagram of the Al-Fe system up to 45 mass % iron. Journal of
Materials Science Letters 5(1986):1219–1220.
[53] Griger, A.; Lendvai, A.; Stefaniay, V. and Turmezey, T.: On the Phase Diagrams of the
Al-Fe and Al-Fe-Si Systems. Materials Science Forum 13-14(1987):331–336.
[54] Oscarsson, Anders; Hutchinson, W. Bevis; Ekstro¨m, Hans-Erik; Dickson, Dominic P.E.;
Simensen, Christian J. and Raynaud, Guy Michel: A Comparison of Different Procedures
for Determination of Iron in Solid Solution in Aluminium. Zeitschrift fu¨r Metallkunde
79(1988):600–604.
[55] Ikeda, O.; Ohnuma, I.; Kainuma, R. and Ishida, K.: Phase equilibria and stability of or-
dered BCC phases in the Fe-rich portion of the Fe-Al system. Intermetallics 9(2001):755–
761.
[56] Balanetskyy, S.; Grushko, B. and Velikanova, T.Ya: Monoclinic Al2Fe Phase, Its Equilib-
rium and Nonequilibrium Formation. Metallofiz. Noveishie Tekhnol. 26(2004):407–417.
[57] Stein, Frank and Palm, Martin: Re-determination of transition temperatures in the Fe-
Al system by differential thermal analysis. International Journal of Materials Research
98(2007):580–588.
[58] Biltz, Wilhelm: U¨ber die Bildungswa¨rmen intermetallischer Verbindungen. Zeitschrift fu¨r
Metallkunde 29(1937):73–79.
143
Bibliography
[59] Oelsen, Willy and Middel, Walther: Zur Thermochemie der Legierungen I. Mitteilungen
aus dem Kaiser-Wilhelm-Institut fu¨r Eisenforschung zu Du¨sseldorf 19(1937):1–26.
[60] Kubaschewski, O. and Dench, W.A.: The heats of formation in the systems titanium-
aluminium and titanium-iron. Acta Metallurgica 3(1955):339–346.
[61] Radcliffe, S.V.; Averbach, B.L. and Cohen, M.: Relative thermodynamic properties of
solid iron-aluminum alloys. Acta Metallurgica 9(1961):169–176.
[62] Woolley, Frank and Elliott, John F.: Heats of Solution of Aluminium, Copper, and Silicon
in Liquid Iron. Transactions of the Metallurgical Society of AIME 239(1967):1872–1883.
[63] Belton, G.R. and Fruehan, R.J.: Mass Spectrometic Determination of Activities in Iron-
Aluminium and Silver-Aluminium Liquid Alloys. Transactions of the Metallurgical Soci-
ety of AIME 245(1969):113–117.
[64] Fruehan, R.J.: Activities in Liquid Fe-Al-O and Fe-Ti-O Alloys. Metallurgical Transac-
tions 1(1970):3403–3410.
[65] Petrushevskiy, M.S.; Esin, Yu.O.; Gel’d, P.V. and Sandakov, V.M.: Concentration Depen-
dence of the Enthalpy of Formation of liquid Iron-Aluminium Alloys. Russian Metallurgy
6(1972):149–153.
[66] Lafi, H.; Dirand, M.; Bouirden, L.; Hertz, J.; Weber, D. and Lesbats, P.: Etude cou-
plee calorimetrique et dilatometrique de l’enthalpie d’elimination des lacunes de trempe
lors du revenu d’alliages ordonnes B2 Fe50+xAl50−x (-1 < x < 10). Acta Metallurgica
34(1986):425–436.
[67] Inden, Gerhard and Pepperhoff, Werner: Experimental Study of the Order-Disorder Tran-
sition in bcc Fe-Al Alloys. Zeitschrift fu¨r Metallkunde 81(1990):770–773.
[68] Kleykamp, Heiko and Glasbrenner, Heike: Thermodynamic Properties of Solid
Aluminium-Iron Alloys. Zeitschrift fu¨r Metallkunde 88(1997):230–235.
[69] Reddy, B.V. and Deevi, S.C.: Thermophysical properties of FeAl (Fe-40 at.%Al). Inter-
metallics 8(2000):1369–1376.
[70] Huang, Yongzhang; Yuan, Wenxia; Qiao, Zhiyu; Semenova, Olga; Bester, Gabriel and
Ipser, Herbert: A thermodynamic study of the D03-ordered intermetallic compound Fe3Al.
Journal of Alloys and Compounds 458(2008):277–281.
[71] Chi, Ji; Zheng, Xiang; Rodriguez, Sergio Y.; Li, Yang; Gou, Weiping; Goruganti, V.;
Rathnayaka, K.D.D. and Ross, Joseph H.: Dilute magnetism and vibrational entropy in
Fe2A5. Physical Review B 82(2010):174419.
[72] Gasior, W.; Debski, A. and Moser, Z.: Formation enthalpy of intermetallic phases from
Al–Fe system measured with solution calorimetric method. Intermetallics 24(2012):99–
105.
144
Bibliography
[73] Fuss, V.: Metallographie des Aluminiums und seiner Legierungen, chapter Aluminium-
Eisen, pages 43–48. Julius Springer, 1934.
[74] Bennett, W.D.: Some Effects of Order-Disorder in Iron-Aluminium Alloys. Journal of
the Iron and Steel Institute 171(1952):372–380.
[75] McQueen, H.J. and Kuczynski, G.C.: Order-Disorder Transformations in Iron-
Aluminium Alloys. Transactions of the Metallurgical Society of AIME 215(1959):619–622.
[76] Selisskii, Ya.P.: Phase Diagram for Iron-Aluminium Alloys in the region of ordered solid
solutions based on Iron. Russian Journal of Inorganic Chemistry 5(1960):1179–1181.
[77] Lihl, Franz and Stickler, Roland: U¨ber die Abha¨ngigkeit der mechanischen Eigen-
schaften eisenreicher Eisen-Aluminium-Legierungen von der Temperatur. Archiv fu¨r das
Eisenhu¨ttenwesen 31(1960):47–57.
[78] Erez, G. and Rudman, P.S.: Long-range order in Fe-Al alloys - II thermoelectric power.
Journal of Physics and Chemistry of Solids 18(1961):307–315.
[79] Davies, R.G.: An X-ray and dilatometric study of order and the “K-state” in iron-
aluminum alloys. Journal of Physics and Chemistry of Solids 24(1963):985 – 992.
[80] Rimlinger, Lucien: Contribution de l‘analyse thermodilatome´trique et de l‘analyse
thermomagne´tique a` l‘e´tablissement du diagramme de transformation des alliages fer-
aluminium de part et d‘autre de la composition remarquable Fe3Al. Comptes rendus
hebdomadaires des se´ances de l‘Acade´mie des Sciences 261(1965):4090–4093.
[81] Leamy, H.J: The elastic stiffness coefficients of iron-aluminum alloys - II the effect of
long range order. Acta Metallurgica 15(1967):1839–1851.
[82] Ko¨ster, Werner and Go¨decke, Tilo: Physikalische Messungen an Eisen-Aluminium-
Legierungen mit 10 bis 50 At.-% Al - I. Besta¨tigung und Erga¨nzung des Zustandsbildes
Eisen-Aluminium. Zeitschrift fu¨r Metallkunde 71(1980):765–769.
[83] Ko¨ster, Werner and Go¨decke, Tilo: Physikalische Messungen an Eisen-Aluminium-
Legierungen mit 10 bis 50 At.-% Al - III. Die Ausdehnungskoeffizienten der Legierungen
mit 20 bis 50 At.-% Al. Zeitschrift fu¨r Metallkunde 72(1981):707–711.
[84] Ko¨ster, Werner and Go¨decke, Tilo: Physikalische Messungen an Eisen-Aluminium-
Legierungen mit 10 bis 50 At.-% Al - II. Die Ausdehnungskoeffizienten der Legierungen
mit 10 bis 35 At.-% Al. Zeitschrift fu¨r Metallkunde 72(1981):569–574.
[85] Ko¨ster, Werner and Go¨decke, Tilo: Physikalische Messungen an Eisen-Aluminium-
Legierungen mit 10 bis 50 At.-% Al - IV. Der Elastizita¨tsmodul der Legierungen.
Zeitschrift fu¨r Metallkunde 73(1982):111–114.
[86] Ko¨ster, Werner and Go¨decke, Tilo: Physikalische Messungen an Eisen-Aluminium-
Legierungen mit 10 bis 50 At.-% Al - V. U¨ber das Verhalten der von 1000 °C abgeschreck-
ten Legierungen mit 10 bis 26,5 At.-% Al beim Anlassen. Zeitschrift fu¨r Metallkunde
73(1982):502–510.
145
Bibliography
[87] Ko¨ster, Werner and Go¨decke, Tilo: Physikalische Messungen an Eisen-Aluminium-
Legierungen mit 10 bis 50 At.-% Al - VI. U¨ber eine Sondererscheinung im thermischen
Ausdehnungsverhalten der Hochtemperaturmodifikation von FeAl. Zeitschrift fu¨r Metal-
lkunde 74(1983):705–708.
[88] Ko¨ster, Werner and Go¨decke, Tilo: Physikalische Messungen an Eisen-Aluminium-
Legierungen mit 10 bis 50 At.-% Al - VIII. U¨ber die Abha¨ngigkeit des La¨ngena¨nderungs-
betrages der Anlaßstufen von abgeschreckten Eisenlegierungen mit 40 bis 50 At.-% Al von
der Art der Wa¨rmebehandlung. Zeitschrift fu¨r Metallkunde 75(1984):432–435.
[89] Go¨decke, Tilo and Ko¨ster, Werner: Physikalische Messungen an Eisen-Aluminium-
Legierungen mit 10 bis 50 At.-% Al - VII. Das Ausdehnungsverhalten der wa¨hrend sink-
ender Ofentemperatur abgeschreckten Legierungen mit 26,5 bis 50 At.-% Al. Zeitschrift
fu¨r Metallkunde 75(1984):161–169.
[90] Go¨decke, Tilo and Ko¨ster, Werner: Physikalische Messungen an Eisen-Aluminium-
Legierungen mit 10 bis 50 At.-% Al - XI. Erga¨nzende Messungen der Ha¨rte und des
Elastizita¨tsmoduls im Bereich der B2-Phase. Zeitschrift fu¨r Metallkunde 77(1986):408–
411.
[91] Lang, H.; Rohrhofer, K.; Rosenkranz, P.; Kozubski, R.; Pu¨schl, W. and Pfeiler, W.:
Long-range ordering in B2 FeAl: a resistometric study. Intermetallics 10(2002):283–292.
[92] Bradley, A.J. and Jay, A.H.: The lattice spacings of Iron-Aluminium Alloys. Journal of
the Iron and Steel Institute 125(1932):339–361.
[93] Sato, Hiroshi: The Behaviours of Fe-Al, Fe-Si and Fe-Al-Si Alloys Considered from the
Standpoint of Ferromagnetic Superlattice. I On the Superlattice Formation in Fe-Al Al-
loys. The Science reports of the Research Institutes To¯hoku University A3(1951):13–23.
[94] Taylor, A. and Jones, R.M.: Some new X-Ray data on Iron-rich Iron-Aluminium alloys.
In Proceedings of the Annual Conference on Magnetism and Magnetic Materials. 1956.
[95] Pavlovic, D. and Foster, K.: Effect of atmomic ordering in magnetic Properties of 10 to
17 weight percent Aluminium-Iron alloys. In Proceedings of the Annual Conference on
Magnetism and Magnetic Materials, pages 251–257. 1956.
[96] Nathans, R.; Pigott, M.T. and Shull, C.G.: The magnetic structure of Fe3Al. Journal of
Physics and Chemistry of Solids 6(1958):38–42.
[97] Taylor, A. and Jones, R.M.: Constitution and magnetic properties of iron-rich iron-
aluminum alloys. Journal of Physics and Chemistry of Solids 6(1958):16–37.
[98] Taylor, A. and Jones, R.M.: Further Magnetic and X-Ray Diffraction Studies on Iron-
Rich Iron-Aluminum Alloys. Journal of Applied Physics 29(1958):522–523.
[99] Selisskii, Ya.P.: On the signs of a second order phase transformation in the alloy Fe3Al.
The Physics of Metals and Metallography 7(1959):56–64.
146
Bibliography
[100] Lihl, Franz and Burger, Ernst: Untersuchungen u¨ber die A¨nderung der Gitterkonstante
eisenreicher Eisen-Aluminium-Legierungen in Abha¨ngigkeit von der Wa¨rmebehandlung.
Archiv fu¨r das Eisenhu¨ttenwesen 31(1960):129–132.
[101] Lawley, A. and Cahn, R.W.: A high temperature X-ray study of ordering in iron-
aluminium alloys. Journal of Physics and Chemistry of Solids 20(1961):204–221.
[102] Lihl, Franz and Ebel, Horst: Ro¨ntgenographische Untersuchungen u¨ber den Aufbau der
eisenreichen Legierungen des Systems Eisen-Aluminium. Archiv fu¨r das Eisenhu¨ttenwe-
sen 32(1961):483–487.
[103] Marcinkowski, M.J. and Brown, N.: Direct Observation of Antiphase Boundaries in the
Fe3Al Superlattice. Journal of Applied Physics 33(1962):537–552.
[104] Lu¨tjering, G. and Warlimont, H.: Ordering of Fe3A1 and Cu3A1 by first order transfor-
mations. Acta Metallurgica 12(1964):1460–1461.
[105] Lu¨tjering, Gerd and Warlimont, Hans: Untersuchung von Ordnungsvorga¨ngen an den
Phasen Fe3Al und Cu3Al. Zeitschrift fu¨r Metallkunde 56(1965):1–9.
[106] Rimlinger, Lucien; Pianelli, Antoine and Faivre, Rene´: Transformations dans l‘e´tat solide
des alliages fer-aluminium de composition comprise entre 20 et 40 at. Al %. Comptes
rendus hebdomadaires des se´ances de l‘Acade´mie des Sciences 260(1965):148–151.
[107] Rimlinger, Lucien: E´tude des variations des parame`tres d‘ordre a` grande distance, en
fonction de la composition, dans les alliages fer-aluminium, de teneur comprise entre 20
et 40 at. Al %, trempe´s. Comptes rendus hebdomadaires des se´ances de l‘Acade´mie des
Sciences 260(1965):500–503.
[108] Swann, P.R. and Fisher, R.M.: Effect of Magnetization on the L20 ordering Reaction in
Iron-Aluminum Alloys. Applied Physics Letters 9(1966):279–281.
[109] Leamy, H.J.; Gibson, E.D. and Kayser, F.X.: The elastic stiffness coefficients of iron-
aluminum alloys—I experimental results and thermodynamic analysis. Acta Metallurgica
15(1967):1827–1838.
[110] Rimlinger, Lucien: E´tude, par microscopie e´lectronique a` fond noir de Bragg, des alliages
fer-aluminium riches en fer. Comptes rendus hebdomadaires des se´ances de l‘Acade´mie
des Sciences 267(1968):1206–1208.
[111] Rimlinger, L. and Faivre, B.: Contribution de la microscopie electronique a fond noir a
l’etablissement du diagramme de transformation des alliages fer-aluminium riches en fer.
Journal of Nuclear Materials 28(1968):211–214.
[112] Epperson, J.E. and Spruiell, J.E.: An X-ray single crystal investigation of iron-rich alloys
of iron and aluminum-I. Phase relations in alloys containing between 14 and 23 at.%
aluminum. Journal of Physics and Chemistry of Solids 30(1969):1721–1732.
147
Bibliography
[113] Epperson, J.E. and Spruiell, J.E.: An x-ray single crystal investigation of iron-rich alloys
of iron and aluminum-II. Diffuse scattering measurements of short-range order in alloys
containing 14.0 and 18.3 at.% aluminum. Journal of Physics and Chemistry of Solids
30(1969):1733–1744.
[114] Guttman, L.; Schnyders, H.C. and Arait, G.J.: Variation of Long-Range Order in Fe3Al
Near Its Transition Temperature. Physical Review Letters 22(1969):517–519.
[115] Swann, P.R.; Duff, W.R. and Fisher, R.M.: The Diagram of State for Iron-Aluminium
Solid Solutions. Transactions of the Metallurgical Society of AIME 245(1969):851–853.
[116] Warlimont, Hans: Elektronenmikroskopische Untersuchung der Gleichgewichte und
Umwandlungen der α-Eisen-Aluminium-U¨berstrukturphasen. Zeitschrift fu¨r Metallkunde
60(1969):195–203.
[117] Swann, P.R.; Duff, W.R. and Fisher, R.M.: Electron Metallography of a Non-Classical
Order-Disorder Transition. physica status solidi (b) 37(1970):577–583.
[118] Okamoto, H. and Beck, Paul A.: Phase relationships in the iron-rich Fe-Al alloys. Met-
allurgical Transactions 2(1971):569–574.
[119] Rimlinger, L.: Correlation entre le degre d’ordre a grande distance et la taille des do-
maines antiphases dans des alliages homogenes de type Fe3Al. Scripta Metallurgica
5(1971):357–361.
[120] Swann, P.R.; Duff, W.R. and Fisher, R.M.: The electron metallography of ordering reac-
tions in Fe-Al alloys. Metallurgical Transactions 3(1972):413–423.
[121] Allen, Samuel M. and Cahn, John W.: Coherent and incoherent equilibria in iron-rich
iron-aluminum alloys. Acta Metallurgica 23(1975):1017–1026.
[122] Allen, Samuel M.: Phase separation of Fe-Al alloys with Fe3Al order. Philosophical
Magazine 36(1977):181–192.
[123] Oki, K.; Matsumura, S. and Eguchi, T.: Phase separation and domain structure of iron-
based ordering alloys. Phase Transitions 10(1987):257–276.
[124] Hilfrich, K.; Ebel, Th.; Petry, W.; Scha¨rpf, O. and Nembach, E.: Order in iron - 30
at.% aluminium investigated by neutron scattering. Scripta Metallurgica et Materialia
25(1991):1857–1862.
[125] Hilfrich, K.; Petry, W.; Scha¨rpf, O. and Nembach, E.: Phase diagram, superlattices and
antiphase domains of Fe3Alx, 0.75 ≤ x ≤ 1.3, investigated by neutron scattering. Acta
Metallurgica et Materialia 42(1994):731–741.
[126] Morris, D.G.; Leboeuf, M.; Gunther, S. and Nazmy, M.: Disordering behaviour of alloys
based on Fe3Al. Philosophical Magazine A 70(1994):1067–1090.
[127] Rafaja, D.; Kratochv´ıl, P. and Kopecˇek, J.: On the ordering in Fe3Al. Scripta Materialia
34(1996):1387–1392.
148
Bibliography
[128] Kopecˇek, J.; Kratochv´il, P.; Rafaja, D. and Plischke, D.: Ordering in the sublattices of
Fe3Al during the phase transformation B2↔D03. Intermetallics 7(1999):1367–1372.
[129] Sato, Hiroshi and Arrott, Anthony: Transitions from Ferromagnetism to Antifer-
romagnetism in Iron-Aluminum Alloys. Theoretical Interpretation. Physical Review
114(1959):1427–1440.
[130] Rudman, P.S.: A zeroth approximation calculation of order with application to the phase
diagram. Acta Metallurgica 8(1960):321–327.
[131] Aptekar, I.L.: Constitution Diagrams in systems with a body-centered cubic lattice and
two types of long-range order (AB and A3B). The physics of metals and metallography
12(1961):32–38.
[132] Houska, C.R.: A theoretical treatment of atomic configurations found in some iron-
aluminum solid solutions. Journal of Physics and Chemistry of Solids 24(1963):95–107.
[133] Leamy, H.J.; Schwellinger, P. and Warlimont, H.: An Assessment of the Morphology
of two-phase microstructures involving coherent superlattice Phases - I. Interphase and
Antiphase Boundaries. Acta Metallurgica 18(1970):31–42.
[134] Oguma, R.; Matsumura, S. and Eguchi, T.: Kinetics of B2- and D03-type ordering and
formation of domain structures in Fe-Al alloys. Journal of Physics: Condensed Matter
20(2008):275225.
[135] Inden, Gerhard: The Mutual Influence of Magnetic and Chemical Ordering. MRS Pro-
ceedings 19(1982):175–188.
[136] Schmid, F. and Binder, K.: Modelling order-disorder and magnetic transitions in iron-
aluminium alloys. Journal of Physics: Condensed Matter 4(1992):3569.
[137] Benyoussef, A.; Dohmi, D. and Elkenz, A.: Phase Diagrams of bcc Binary Alloy. Finite
Cluster Approximation. Physica Scripta 58(1998):518–524.
[138] Ohnuma, Ikuo; Kainuma, Ryosuke and Ishida, Kiyohito: Effect of the Interaction between
the Chemical and the Magnetic Ordering on the Phase Equilibria of Iron-base Alloys. In
Turchi, P.E.A.; Gonis, A. and Shull, R.D. (editors), CALPHAD and Alloy Thermody-
namics, pages 61–78. TMS Annual Meeting, 2002.
[139] Gonzales-Ormen˜o, Pablo Guillermo; Petrilli, Helena Maria and Scho¨n, Cla´udio Geraldo:
Ab initio calculation of the bcc Fe–Al phase diagram including magnetic interactions.
Scripta Materialia 54(2006):1271–1276.
[140] Sykes, C. and Evans, H.: Transformations in Iron-Aluminium Alloys. Journal of the Iron
and Steel Institute 131(1935):225–247.
[141] Arrott, Anthony and Sato, Hiroshi: Transitions from Ferromagnetism to Anti-
ferromagnetism in Iron-Aluminum Alloys. Experimental Results. Physical Review
114(1959):1420–1426.
149
Bibliography
[142] Friedman, E.A. and Nicholson, W.J.: Internal Magnetic Fields and the Saturation Mag-
netization of Iron-Aluminum Alloys. Journal of Applied Physics 34(1963):1048–1049.
[143] Wagner, H. and Gengnagel, H.: Magnetische Untersuchungen u¨ber die Bildung von Na-
hordnungsbereichen von Fe-Al-Legierungen in der Na¨he der sto¨chiometrischen Zusam-
mensetzung Fe3Al bei ho¨heren Temperaturen. physica status solidi (b) 9(1965):45–54.
[144] Huffman, G.P. and Fisher, R.M.: Mo¨ssbauer Studies of Ordered and Cold-Worked Fe-Al
Alloys Containing 30 to 50 at. % Aluminum. Journal of Applied Physics 38(1967):735–
742.
[145] Wertheim, G.K. and Wernick, J.H.: Mo¨ssbauer effect study of b.c.c. structure alloys, FeAl
and FeTi. Acta Metallurgica 15(1967):297–302.
[146] Danan, H. and Gengnagel, H.: Ferro-, Antiferro-, and Superparamagnetic Behavior of
Fe-Al Alloys. Journal of Applied Physics 39(1968):678–679.
[147] Lesoille, M.R. and Gielen, P.M.: The Order - Disorder Transformation in Fe3Al Alloys.
physica status solidi (b) 37(1970):127–139.
[148] Vincze, I.: Average magnetization of Fe-Al Alloys. physica status solidi (a) 7(1971):K43–
K47.
[149] Cook, J.M. and Pavlovic, A.S.: Magnetostriction and thermal expansion of ordered Fe3Al.
Journal of Applied Physics 50(1979):7710–7712.
[150] Jaglicˇi c´, Z.; Vrtnik, S.; Feuerbacher, M. and Dolinsˇek, J.: Magnetic properties of FeAl2
and Fe2Al5. Physical Review B 83(2011):224427.
[151] Koch, J.M. and Koenig, C.: Antistructure defects in transition-metal aluminides. Philo-
sophical Magazine Part B 55(1987):359–375.
[152] Ho¨rmandinger, G.; Marksteiner, P.; Ko¨nig, U. and Weinberger, P.: A Theoretical Study of
Disorder in Transition Metal Aluminides: Vacancies and Antistructure Atoms. Zeitschrift
fu¨r Physik B - Condensed Matter 67(1987):517–523.
[153] Gu, Y.M. and Fritsche, L.: Electronic structure of antistructure defects in FeAl. Journal
of Physics: Condensed Matter 4(1992):1905–1914.
[154] Fu, C.L.; Ye, Y.-Y.; Yoo, M.H. and Ho, K.M.: Equilibrium point defects in intermetallics
with the B2 structure: NiAl and FeAl. Physical Review B 48(1993):6712–6715.
[155] Krachler, R.; Ipser, H.; Sepiol, B. and Vogl, G.: Diffusion mechanism and defect con-
centrations in β´-FeAl, an intermetallic compound with B2 structure. Intermetallics
3(1995):83–88.
[156] Mayer, J.; Meyer, B.; Oehrens, J.S.; Bester, G.; Bo¨rnsen, N. and Fa¨hnle, M.: Effective
formation energies of atomic defects in D03-Fe3Al: an ab-initio study. Intermetallics
5(1997):597–600.
150
Bibliography
[157] Fa¨hnle, M.; Bester, G. and Meyer, B.: On the meaning of effective formation entropies
for atomic defects in ordered compounds. Scripta Materialia 39(1998):1071–1075.
[158] Fa¨hnle, M.; Mayer, J. and Meyer, B.: Theory of atomic defects and diffusion in ordered
compounds, and application to B2-FeAl. Intermetallics 7(1999):315 – 323.
[159] Bo¨rnsen, N.; Bester, G.; Meyer, B. and Fa¨hnle, M.: Analysis of the electronic structure
of intermetallic compounds, and application to structural defects in B2 phases. Journal
of Alloys and Compounds 308(2000):1–14.
[160] Shu, Xiaolin; Hu, Wangyu; Xiao, Hanning and Deng, Huiqiu: Vacancies and Antisites
in B2 FeAl and DO3 Fe3Al with a Modified Analytic EAM Model. Journal of Materials
Science &Technology 17(2001):601–604.
[161] Bester, G.; Meyer, B.; Fa¨hnle, M. and Fu, C.L.: Dominant thermal defects in B2–FeAl.
Materials Science and Engineering: A 323(2002):487–490.
[162] Riviere, J.P.: Structural defects in β phase Fe-Al. Materials Research Bulletin
12(1977):995–1000.
[163] Ho, K. and Dodd, R.A.: Point defects in FeAl. Scripta Metallurgica 12(1978):1055–1058.
[164] Fourdeux, A.; Bruyas, H.; Weber, D.; Meurtin, M.; Roth, M. and Lesbats, P.: Diffuse
scattering in quenched Fe-Al alloys. Scripta Metallurgica 14(1980):485–488.
[165] Chang, Y.Austin and Neumann, Joachim P.: Thermodynamics and defect structure of
intermetallic phases with the B2 (CsCl) structure. Progress in Solid State Chemistry
14(1982):221–301.
[166] Schaefer, H.-E.; Wu¨rschum, R.; Soˇb, M.; Za´k, T.; Yu, W.Z.; Eckert, W. and Banhart, F.:
Thermal vacancies and positron-lifetime measurements in Fe76.3Al23.7. Physical Review
B 41(1990):11869–11874.
[167] Chang, Y.A.; Pike, L.M.; Liu, C.T.; Bilbrey, A.R. and Stone, D.S.: Correlation of the
hardness and vacancy concentration in FeAl. Intermetallics 1(1993):107–115.
[168] Frantz, Wolfgang; Lu¨ck, Reinhard and Predel, Bruno: Magnetothermal investigation of
the kinetics of defect reaction in the FeAl intermetallic compound. Journal of Alloys and
Compounds 205(1994):199–204.
[169] Xiao, H. and Baker, I.: The relationship between point defects and mechanical properties
in Fe-Al at room temperature. Acta Metallurgica et Materialia 43(1995):391–396.
[170] Frantz, Wolfgang; Lu¨ck, Reinhard and Predel, Bruno: Kinetics of defect reaction in
Fe52Al48 investigated by magnetothermal analysis. Journal of Alloys and Compounds
247(1997):206–209.
[171] Kogachi, Mineo and Haraguchi, Tomohide: Quenched-in vacancies in B2-structured in-
termetallic compound FeAl. Materials Science and Engineering: A 230(1997):124–131.
151
Bibliography
[172] Pike, L.M.; Chang, Y.A. and Liu, C.T.: Point defect concentrations and hardening in
binary B2 intermetallics. Acta Materialia 45(1997):3709–3719.
[173] Wolff, J.; Franz, M.; Broska, A.; Ko¨hler, B. and Hehenkamp, Th.: Defect types and defect
properties in FeAl alloys. Materials Science and Engineering: A 239–240(1997):213–219.
[174] Fa¨hnle, M.; Meyer, B. and Bester, G.: Comment on “Point defect behavior in high tem-
perature regionin the B2-type intermetallic compound FeAl” by M. Kogachi,T. Haraguchi
and S.M. Kim. Intermetallics 7(1999):1307–1308.
[175] Kogachi, M.; Haraguchi, T. and Kim, S.M.: Point defect behavior in high temperature
region in the B2-type intermetallic compound FeAl. Intermetallics 6(1998):499–510.
[176] Kogachi, M. and Haraguchi, T.: Random vacancy distribution in B2-type intermetallic
compound FeAl. Scripta Materialia 39(1998):159–165.
[177] Kerl, R.; Wolff, J. and Hehenkamp, Th.: Equilibrium vacancy concentrations in FeAl and
FeSi investigated with an absolute technique. Intermetallics 7(1999):301–308.
[178] Wolff, J.; Franz, M.; Broska, A.; Kerl, R.; Weinhagen, M.; Ko¨hler, B.; Brauer, M.;
Faupel, F. and Hehenkamp, Th.: Point defects and their properties in FeAl and FeSi
alloys. Intermetallics 7(1999):289–300.
[179] Kogachi, M.: Reply to comment on “Point defect behavior in high temperature region
in the B2-type intermetallic compound FeAl” by M. Fa¨hnle, B. Meyer and G. Bester.
Intermetallics 7(1999):1309–1311.
[180] Zaroual, S.; Sassi, O.; Aride, J.; Bernardini, J. and Moya, G.: Magnetic and calorimetric
study of point defects in FeAl intermetallic compound. Materials Science and Engineering:
A 279(2000):282–288.
[181] Haraguchi, T.; Hori, F.; Oshima, R. and Kogachi, M.: A study of vacancy-type defects in
the B2-phase region of the Fe–Al system by positron annihilation method. Intermetallics
9(2001):763–770.
[182] Hehenkamp, Th.; Scholz, P.; Ko¨hler, B. and Kerl, R.: Vacancy Formation and Diffusion
in FeAl-Alloys. Defect and Diffusion Forum 194-199(2001):389–396.
[183] Schneibel, Joachim H. and Pike, Lee M.: A technique for measuring thermal vacancy
concentrations in stoichiometric FeAl. Intermetallics 12(2004):85–90.
[184] Schneibel, J.H. and Munroe, P.R.: On the path dependence of the thermal vacancy con-
centration in stoichiometric FeAl. Intermetallics 12(2004):111–115.
[185] de Diego, N.; Plazaola, F.; Jime´nez, J.A.; Serna, J. and del R´ıo, J.: A positron study
of the defect structures in the D03 and B2 phases in the Fe–Al system. Acta Materialia
53(2005):163–172.
[186] del R´ıo, J.; de Diego, N.; Jime´nez, J.A. and Go´mez, C.: A positron annihilation study of
two Fe-Al alloys in the B2 region. Intermetallics 18(2010):1306–1309.
152
Bibliography
[187] Yoshimi, Kyosuke; Tsunekane, Masafumi and Maruyama, Kouichi: Differential scanning
calorimetry study on annihilation behavior of supersaturated thermal vacancies in B2-type
FeAl. Intermetallics 18(2010):1265–1272.
[188] Jordan, J.L. and Deevi, S.C.: Vacancy formation and effects in FeAl. Intermetallics
11(2003):507–528.
[189] Kim, S.M. and Morris, D.G.: Long range order and vacancy properties in Al-rich Fe3Al
and Fe3Al(Cr) alloys. Acta Materialia 46(1998):2587 – 2602.
[190] Schu¨rmann, Eberhard and Kaiser, Heinz-Peter: Beitrag zu den Schmelzgleichgewichten
der Eisen-Aluminium- und Eisen-Phosphor-Legierungen. Archiv fu¨r das Eisenhu¨ttenwe-
sen 51(1980):325–327.
[191] Seierstein, M.: COST 507 - System Al-Fe, volume 2, pages 34–39. European Communi-
ties, 1998.
[192] Du, Yong; Schuster, Julius Clemens; Liu, Zi-Kui; Hu, Rongxiang; Nash, Philip; Sun,
Weihua; Zhang, Weiwei; Wang, Jiong; Zhang, Lijun; Tang, Chengying; Zhu, Zhijun;
Liu, Shuhong; Ouyang, Yifang; Zhang, Wenqing and Krendelsberger, Nataliya: A ther-
modynamic description of the Al–Fe–Si system over the whole composition and temper-
ature ranges via a hybrid approach of CALPHAD and key experiments. Intermetallics
16(2008):554–570.
[193] Connetable, Damien; Lacaze, Jacques; Maugis, Philippe and Sundman, Bo: A Calphad
assessment of Al–C–Fe system with the carbide modelled as an ordered form of the fcc
phase. Calphad 32(2008):361–370.
[194] Phan, Anh Thu; Paek, Min-Kyu and Kang, Youn-Bae: Phase equilibria and thermo-
dynamics of the Fe–Al–C system: Critical evaluation, experiment and thermodynamic
optimization. Acta Materialia 79(2014):1–15.
[195] Sundman, Bo; Ohnuma, Ikuo; Dupin, Nathalie; Kattner, Ursula R. and Fries, Suzana G.:
An assessment of the entire Al–Fe system including D03 ordering. Acta Materialia
57(2009):2896–2908.
[196] Zheng, Weisen; He, Shuang; Selleby, Malin; He, Yanlin; Li, Lin; Lu, Xiao-Gang and
A˚gren, John: Thermodynamic assessment of the Al-C-Fe system. Calphad 58(2017):34–
49.
[197] Feufel, Harald; Go¨decke, Tilo; Lukas, Hans Leo and Sommer, Ferdinand: Investigation of
the Al-Mg-Si system by experiments and thermodynamic calculations. Journal of Alloys
and Compounds 247(1997):31–42.
[198] Gro¨bner, J.; Lukas, H.-L. and Aldinger, F.: COST 507 - System Al-Si, volume 2, pages
79–80. European Communities, 1998.
[199] Ko¨rber, Friedrich; Oelsen, Willy and Lichtenberg, Heinz: Zur Thermochemie der
Legierungen II. Mitteilungen aus dem Kaiser-Wilhelm-Institut fu¨r Eisenforschung zu
Du¨sseldorf 19(1937):156–157.
153
Bibliography
[200] Engler, S.: Giesserei Techn.-Wiss. Beihefte 14(1962):115–116.
[201] Mathieu, J.C.; Jounel, B.; Desre´, P. and Bonnier, E.: In Thermodyn. Nucl. Mater. Proc.
Symp. Vienna, pages 767–776. 1967.
[202] Berthon, M.O.; Petot-Evans, G.; Petot, C. and Desre´, P.: Comptes rendus
268(1969):1939–1942.
[203] Jounel, B.: Ph.D. thesis, University of Grenoble, 1969.
[204] Rostovtsev, S.T. and Khitrik, S.I.: Izvestiia Vyssh. Ucheb. Zaved. Met. 14(1971):61.
[205] Schaefer, S.C. and Gokcen, N.: High temperature science 11(1979):31–39.
[206] Bros, J.P.; Eslami, H. and Gaune, P.: Thermodynamics of Al-Si and Al-Ge-Si liquid
alloys: Enthalpies of formation by high temperature calorimetry. Berichte der Bunsenge-
sellschaft fu¨r physikalische Chemie 85(1981):333–336.
[207] Chatillon, C.; Allibert, M. and Pattoret, A.: High Temperature - High Pressures
7(1975):583–594.
[208] Chatillon, C.: Ph.D. thesis, University of Grenoble, 1975.
[209] Fraenkel, W.: Metallographische Mitteilungen aus dem Institut fu¨r physikalische Chemie
der Universita¨t Go¨ttingen. LXIII. U¨ber Silicium-Aluminiumlegierungen. Zeitschrift fu¨r
anorganische Chemie 58(1908):154–158.
[210] Roberts, Charles Edward: The alloys of aluminium and silicon. Journal of the Chemical
Society, Transactions 105(1914):1383–1386.
[211] Dix, E.H. Jr. and Heath, A.C. Jr.: Equilibrium Relations in Aluminium-silicon and
Aluminium-iron-silicon Alloys of High Purity. Proceedings of the Institute of Metals
Division of the American Institute of Mining and Metallurgical Engineers (1928):164–
197.
[212] Anastasiadis, L.: Aluminium und seine Mischkristallbildung mit Si. Zeitschrift fu¨r anor-
ganische und allgemeine Chemie 179(1929):145–154.
[213] Broniewski, M. and Smialowski, M.: Sur les alliages Aluminium-Silicium. Revue de
Me´tallurgie 29(1932):542–552.
[214] Singer, A.R.E. and Cottrell, S.A.: Journal of the Institute of Metals 73(1947):33–54.
[215] Craighead, C.M.; Cawthorne, E.W. and Jaffee, R.I.: Solution Rate of Solid Aluminium
in Molten Al-Si Alloy. Transactions AIME - Journal of Metals 203(1955):81–87.
[216] Miller, R.C. and Savage, A.: Diffusion of Aluminum in Single Crystal Silicon. Journal of
Applied Physics 27(1956):1430–1432.
[217] Navon, D. and Chernyshov, V.: Retrograde Solubility of Aluminum in Silicon. Journal of
Applied Physics 28(1957):823–824.
154
Bibliography
[218] Hansen, Max and Anderko, Kurt: Constitution of Binary Alloys. McGraw-Hill Book
Company, 2nd edition, 1958.
[219] Glazov, V.M.: Izvestiia Akademii Nauk SSSR, Otd. Tekhn. Nauk, Met. i Toplivo
4(1961):39–42.
[220] Kova´cs-Csete´nyi, E.; Vassel, C.R. and Kova´cs, I.: Determination of the Solubility of Si in
Dilute Al-Si Alloys by Low-Temperature Resistivity Measurements. physica status solidi
(b) 17(1966):K123–K126.
[221] Drits, M.Yu.; Kadaner, E.S. and Kuz’mina, V.I.: Izvestiia Akademii Nauk SSSR, Metally
1(1968):170.
[222] Fujikawa, Shin-Ichiro; Oyobiki, Yoshinori and Hirano, Ken-Ichi: Studies on solid solu-
bility of silicon in aluminum and ostwald ripening of Si precipitates in Al-Si alloys by
means of electrical resistivity measurement. Journal of Japan Institute of Light Metals
29(1979):331–339.
[223] Schu¨rmann, Eberhard and Geißler, Ingo Klaus: Phasengleichgewichte des festen Zus-
tandes im aluminium- bzw. magnesium-reichen Teil des Systems Aluminium-Lithium-
Magnesium, Teil 3. Phasengleichgewichte des festen Zustandes im System Aluminium-
Magnesium. Giessereiforschung 32(1980):167–170.
[224] Schu¨rmann, Eberhard and Voss, Hans-Joachim: Untersuchungen der Schmelz-
gleichgewichte von Magnesium-Lithium-Aluminium-Legierungen, Teil 4. Schmelz-
gleichgewichte des bina¨ren Systems Magnesium-Aluminium. Giessereiforschung
33(1981):43–46.
[225] Su, H.L.; Harmelin, M.; Donnadieu, P.; Baetzner, C.; Seifert, H.J.; Lukas, H.L.; Effen-
berg, G. and Aldinger, F.: Experimental investigation of the Mg-Al phase diagram from
47 to 63 at.% Al. Journal of Alloys and Compounds 247(1997):57–65.
[226] Dix, E.H. and Keller, F.: Transactions AIME - Inst. Metals Div. (1929):351.
[227] Schmid, E. and Siebel, G.: Ro¨ntgenographische Bestimmung der Lo¨slichkeit von Magne-
sium in Aluminium. Zeitschrift fu¨r Metallkunde 23(1931):202–204.
[228] Saldau, P. and Sergeev, L.N.: Metallurg. (1934):67.
[229] Siebel, Gustav and Voßku¨hler, Hugo: Bestimmung der Lo¨slichkeit von Magnesium in
Aluminium. Zeitschrift fu¨r Metallkunde 31(1939):359–362.
[230] Raynor, G.V.: Annotated Equilibrium Diagrams, No. 5. Institute of Metals, 1945.
[231] Eickhoff, Klaus and Voßku¨hler, Hugo: Das Zustandsbild des Systems Aluminium-
Magnesium. Zeitschrift fu¨r Metallkunde 44(1953):223–231.
[232] Murray, J.L.: Bull. Alloys Phase Diagrams 3(1982):60.
155
Bibliography
[233] Schneider, A. and Stoll, E.K.: Die Dampfdrucke des Magnesiums u¨ber Aluminium-
Magnesium-Legierungen. Zeitschrift fu¨r Elektrochemie und angewandte physikalische
Chemie 47(1941):519–526.
[234] Eremenko, V.N. and Lushanko, G.M.: Ukr. Khim. Zh. SSSR 28(1962):462.
[235] Belton, G.R. and Rao, Y.K.: A Galvanic Cell Study of Activities in Mg-Al Liquid Alloys.
Transactions of the Metallurgical Society of AIME 245(1969):2189–2193.
[236] Brown, J.A. and Pratt, J.N.: The thermodynamic properties of solid Al-Mg alloys. Met-
allurgical Transactions 1(1970):2743–2750.
[237] Vyazner, M.Ya.; Morachevskii, A.G. and Taits, A.Yu.: Zhurnal Prikladnoi Khimii
44(1971):722.
[238] Bhatt, Y.J. and Garg, S.P.: Thermodynamic study of liquid aluminum-magnesium alloys
by vapor pressure measurements. Metallurgical Transactions B 7(1976):271–275.
[239] Sebkova, J. and Pratt, J.N.: Sb. Vys. Sk. Chem-Teknol. Praze B23(1978):219.
[240] Kawakami, M.: Science Reports of the Research Institute, Tohoku Imp. University
19(1930):521.
[241] Wittig, Franz Eberhard and Piller, Georg: Zur Frage der Bildungswa¨rmen im System
Aluminium-Magnesium. Zeitschrift fu¨r Metallkunde 44(1953):431–435.
[242] Sinhval, R.C. and Khangaonkar, P.H.: Transactions of the Indian Institute of Metals
20(1967):107.
[243] Batalin, G.I.; Sololskij, V.E. and Shimanskaja, T.B.: Ukr. Khim. Zh. SSSR 37(1971):397.
[244] Predel, Bruno and Hu¨lse, Knut: Beitrag zur Kenntnis thermodynamischer Eigenschaften
von Aluminium-Magnesium-Legierungen. Zeitschrift fu¨r Metallkunde 69(1978):661–666.
[245] Birchenall, C. Ernest and Riechman, Alan F.: Heat storage in eutectic alloys. Metallur-
gical Transactions A 11(1980):1415–1420.
[246] Timm, Ju¨rgen and Warlimont, Hans: Eine diffusionslose Phasenumwandlung der inter-
metallischen Verbindung Al3Mg2. Zeitschrift fu¨r Metallkunde 71(1980):434–437.
[247] Saunders, N.: A review and thermodynamic assessment of the Al-Mg and Mg-Li systems.
Calphad 14(1990):61–70.
[248] Lukas, H.-L.: COST 507 - System Al-Mg Version II, volume 2, pages 48–53. European
Communities, 1998.
[249] Schu¨rmann, Eberhard and Fischer, Alexander: Schmelzgleichgewichte im Dreistoffsys-
tem Aluminium-Magnesium-Silicium, Teil 1. Zweistoffsystem Aluminium-Magnesium.
Giessereiforschung 29(1977):107–111.
156
Bibliography
[250] Zhong, Yu; Yang, Mei and Liu, Zi-Kui: Contribution of first-principles energetics to
Al-Mg thermodynamic modeling. Calphad 29(2005):303–311.
[251] Zhang, H.; Shang, S.L.; Wang, Y.; Saengdeejing, A.; Chen, L.Q. and Liu, Z.K.: First-
principles calculations of the elastic, phonon and thermodynamic properties of Al12Mg17.
Acta Materialia 58(2010):4012–4018.
[252] Huang, Z.W.; Zhao, Y.H.; Hou, H. and Han, P.D.: Electronic structural, elastic prop-
erties and thermodynamics of Mg17Al12, Mg2Si and Al2Y phases from first-principles
calculations. Physica B: Condensed Matter 407(2012):1075–1081.
[253] Feufel, H.; Go¨decke, T.; Lukas, H.-L. and Sommer, F.: COST 507 - System Mg-Si,
volume 2, pages 221–223. European Communities, 1998.
[254] Vogel, R.: Metallographische Mitteilungen aus dem Institut fu¨r physikalische Chemie
der Universita¨t Go¨ttingen. LXX. U¨ber Magnesium-Siliciumlegierungen. Zeitschrift fu¨r
anorganische Chemie 61(1909):46–53.
[255] Wo¨hler, Lothar and Schliephake, O.: Die Silicide des Calciums und Magnesiums.
Zeitschrift fu¨r anorganische und allgemeine Chemie 151(1926):1–20.
[256] Raynor, Geoffrey Vincent: The Constitution of the Magnesium-rich Alloys in the
Systems Magnesium-Lead, Magnesium-Tin, Magnesium-Germanium, and Magnesium-
Silicon. The Journal of the Institute of Metals 66(1940):403–426.
[257] Geffken, R. and Miller, E.: Phase Doiagrams and Thermodynamic Properties of the Mg-Si
and Mg-Ge Systems. Transactions of the Metallurgical Society of AIME 242(1968):2323–
2328.
[258] Schu¨rmann, Eberhard and Fischer, Alexander: Schmelzgleichgewichte im Dreistoff-
system Aluminium-Magnesium-Silicium, Teil 2. Zweistoffsystem Magnesium-Silicium.
Giessereiforschung 29(1977):111–113.
[259] Kubaschewski, O. and Villa, H.: Bildungswa¨rmen Zintl’scher Erdalkaliverbindungen, Zur
Thermochemie der Legierungen XIII. Zeitschrift fu¨r Elektrochemie und angewandte
physikalische Chemie 53(1949):32–40.
[260] Grjotheim, K.; Herstad, O.; Petrucci, S.; Skarbo, R. and Toguri, J.: Rev. Chim. Acad.
Rep. PopulaireRomaine 7(1962):217–223.
[261] Lukashenko, G.M. and Eremenko, V.N.: Russian Journal of Inorganic Chemistry
9(1964):1243–1244.
[262] Sryvalin, I.T.; Esin, O.A. and Lepinskikh, B.M.: Russian Journal of Physical Chemistry
38(1964):637–640.
[263] Mannchen, W. and Jacobi, G.: Die Molwa¨rme des Mg2Si von 12° bis 300 °K. Zeitschrift
fu¨r Naturforschung B 20(1965):178–179.
157
Bibliography
[264] Eldridge, J.M.; Miller, E. and Komarek, K.L.: Thermodynamic Properties of Liquid
Magnesium-Silicon Alloys. Discussion of the Mg-Group IVB Systems. Transactions of
the Metallurgical Society of AIME 239(1967):775–781.
[265] Gerstein, B.C.; Jelinek, F.J.; Habenschuss, M.; Shickell, W.D.; Mullaly, J.R. and Chung,
P.L.: Thermal Study of Groups II—IV Semiconductors. Lattice Heat Capacities and Free
Energies of Formation. Heat Capacity of Mg2Si from 15
◦-300◦K. The Journal of Chemical
Physics 47(1967):2109–2115.
[266] Blachnik, R.; Kunze, D. and Schneider, A.: U¨ber eine verbesserte direktkalorimetrische
Methode. Metall 25(1971):119–121.
[267] Tani, Jun-ichi and Kido, Hiroyasu: Lattice dynamics of Mg2Si and Mg2Ge compounds
from first-principles calculations. Computational Materials Science 42(2008):531–536.
[268] Ganeshan, S.; Shang, S.L.; Wang, Y. and Liu, Z.-K.: Temperature dependent elastic
coefficients of Mg2X (X=Si, Ge, Sn, Pb) compounds from first-principles calculations.
Journal of Alloys and Compounds 498(2010):191–198.
[269] Wang, Hanfu; Jin, Hao; Chu, Weiguo and Guo, Yanjun: Thermodynamic properties of
Mg2Si and Mg2Ge investigated by first principles method. Journal of Alloys and Com-
pounds 499(2010):68–74.
[270] Yu, Benhai; Chen, Dong; Tang, Qingbin; Wang, Chunlei and Shi, Deheng: Structural,
electronic, elastic and thermal properties of Mg2Si. Journal of Physics and Chemistry of
Solids 71(2010):758 – 763.
[271] Schick, Michael; Hallstedt, Bengt; Glensk, Albert; Grabowski, Blazej; Hickel, Tilmann;
Hampl, Milan; Gro¨bner, Joachim; Neugebauer, Jo¨rg and Schmid-Fetzer, Rainer: Com-
bined ab initio, experimental, and CALPHAD approach for an improved thermodynamic
evaluation of the Mg–Si system. Calphad 37(2012):77–86.
[272] Bessas, D.; Simon, R.E.; Friese, K.; Koza, M. and Hermann, R.P.: Lattice dynamics in
intermetallic Mg2Ge and Mg2Si. Journal of Physics: Condensed Matter 26(2014):485401.
[273] Yan, Xin-Yan; Chang, Y. and Zhang, F.: A thermodynamic analysis of the Mg-Si system.
Journal of Phase Equilibria 21(2000):379–384.
[274] Kevorkov, D.; Schmid-Fetzer, R. and Zhang, F.: Phase equilibria and thermodynamics
of the Mg-Si-Li system and remodeling of the Mg-Si system. Journal of Phase Equilibria
and Diffusion 25(2004):140–151.
[275] Tang, Ying; Du, Yong; Zhang, Lijun; Yuan, Xiaoming and Kaptay, George: Thermody-
namic description of the Al–Mg–Si system using a new formulation for the temperature
dependence of the excess Gibbs energy. Thermochimica Acta 527(2012):131–142.
[276] Lacaze, Jacques and Valdes, Rocio: CALPHAD-type Assessment of the Al–Mg–Si System.
Monatshefte fu¨r Chemie / Chemical Monthly 136(2005):1899–1907.
158
Bibliography
[277] Kaptay, George: A new equation for the temperature dependence of the excess Gibbs
energy of solution phases. Calphad 28(2004):115–124.
[278] Yuan, Xiaoming; Sun, Weihua; Du, Yong; Zhao, Dongdong and Yang, Huaming: Ther-
modynamic modeling of the Mg–Si system with the Kaptay equation for the excess Gibbs
energy of the liquid phase. Calphad 33(2009):673–678.
[279] Schu¨rmann, Eberhard and Fischer, Alexander: Schmelzgleichgewichte im Dreistoffsystem
Aluminium-Magnesium-Silicium. Gießereiforschung 29(1977):161–165.
[280] Nayeb-Hashemi, A.A.; Clark, J.B. and Swartzendruber, L.J.: The Fe-Mg (Iron-
Magnesium) system. Bulletin of Alloy Phase Diagrams 6(1985):235–238.
[281] Tibballs, J.: COST 507 - System Fe-Mg, volume 2, pages 195–196. European Communi-
ties, 1998.
[282] Fuss, V.: Metallographie des Aluminiums und seiner Legierungen, chapter Aluminium-
Eisen-Magnesium, pages 141–142. Julius Springer, 1934.
[283] Barnick, M. and Hanemann, H.: Beitrag zur Kenntnis des Systems Aluminium-Eisen-
Magnesium. Aluminium 20(1938):533–535.
[284] Phillips, H.W.L.: The Constitution of Alloys of Aluminium with Magnesium and Iron.
Journal of the Institute of Metals 67(1941):275–287.
[285] Cui, Senlin and Jung, In-Ho: Critical reassessment of the Fe-Si system. Calphad
56(2017):108–125.
[286] Krendelsberger, Nataliya; Weitzer, Franz and Schuster, Julius: On the Reaction Scheme
and Liquidus Surface in the Ternary System Al-Fe-Si. Metallurgical and Materials Trans-
actions A 38(2007):1681–1691.
[287] Marker, Martin C.J.; Skolyszewska-Ku¨hberger, Barbara; Effenberger, Herta S.;
Schmetterer, Clemens and Richter, Klaus W.: Phase equilibria and structural investi-
gations in the system Al–Fe–Si. Intermetallics 19(2011):1919–1929.
[288] Nishimura, Hideo: An Investigation of Al-rich Al-Fe-Si Alloys. Tetsu-to-Hagane
18(1932):849–860.
[289] Fuss, V.: Metallographie des Aluminiums und seiner Legierungen, chapter Aluminium-
Eisen-Silizium, pages 109–116. Julius Springer, 1934.
[290] Ja¨niche, Walter: U¨ber das System Aluminium-Eisen-Silizium. Aluminium-Archiv
5(1936):1–22.
[291] Takeda, Shuzo and Mutuzaki, Kensuke: THE EQUILIBRIUM DIAGRAM OF Fe-Al-Si
SYSTEM. Tetsu- to- Hagane 26(1940):335–361.
159
Bibliography
[292] Phillips, H.W.L. and Varley, P.C.: The Constitution of Alloys of Aluminium with Man-
ganese, Silicon, and Iron. III.- The ternary System: Aluminium-Silicon-Iron. IV.- The
quaternary System: Aluminium-Manganese-Silicon-Iron. Journal of the Institute of Met-
als 69(1943):317–350.
[293] Phillips, H.W.L.: The Constitution of alloys of Aluminium with Magnesium, Silicon, and
Iron. Journal of the Institute of Metals 72(1946):151–227.
[294] Phragmen, Go¨sta: On the Phases occuring in Alloys of Aluminium with Copper, Magne-
sium, Manganese, Iron and Silicon. Journal of the Institute of Metals 77(1950):489–552.
[295] Nowotny, H.; Komarek, K. and Kromer, J.: Ein Beitrag zum Dreistoffsystem:
Aluminium-Eisen-Silizium. Berg- und Hu¨ttenma¨nnische Monatshefte 96(1951):161–169.
[296] Stefa´niay, V.; Griger, A´. and Turmezey, T.: Intermetallic phases in the aluminium-side
corner of the AlFeSi-alloy system. Journal of Materials Science 22(1987):539–546.
[297] Vybornov, M.; Rogl, P. and Sommer, F.: On the thermodynamic stability and solid
solution behavior of the phases τ5-Fe2Al7.4Si and τ6-Fe2Al9Si2. Journal of Alloys and
Compounds 247(1997):154–157.
[298] Gupta, S.P.: Intermetallic compound formation in Fe–Al–Si ternary system: Part I.
Materials Characterization 49(2003):269–291.
[299] Maitra, T. and Gupta, S.P.: Intermetallic compound formation in Fe–Al–Si ternary sys-
tem: Part II. Materials Characterization 49(2003):293–311.
[300] Bosselet, F.; Pontevichi, S.; Sacerdote-Peronnet, M. and Viala, J.C.: Affinement
expe´rimental de l’isotherme Al-Fe-Si a` 1000 K. Journal de Physique IV France
122(2004):41–46.
[301] Pontevichi, S.; Bosselet, F.; Barbeau, F.; Peronnet, M. and Viala, J.: Solid-liquid phase
equilibria in the Al-Fe-Si system at 727 ◦C. Journal of Phase Equilibria and Diffusion
25(2004):528–537.
[302] Pontevichi, S.; Bosselet, F.; Dezellus, O.; Peronnet, M.; Rouby, D. and Viala, J.C.:
Chimie d’interface du couple fer/alliage Al-Si (13,5 % Si) : aspects the´oriques et ap-
plique´s. Journal de Physique IV France 122(2004):75–80.
[303] Roger, J.; Bosselet, F. and Viala, J.C.: X-rays structural analysis and thermal sta-
bility studies of the ternary compound α-AlFeSi. Journal of Solid State Chemistry
184(2011):1120–1128.
[304] Li, Y.; Ochin, P.; Quivy, A.; Telolahy, P. and Legendre, B.: Enthalpy of formation of
Al–Fe–Si alloys (τ5, τ10, τ1, τ9). Journal of Alloys and Compounds 298(2000):198–202.
[305] Li, Y. and Legendre, B.: Enthalpy of formation of Al–Fe–Si alloys II (τ6, τ2, τ3, τ8, τ4).
Journal of Alloys and Compounds 302(2000):187–191.
160
Bibliography
[306] Kanibolotsky, D.S.; Bieloborodova, O.A.; Kotova, N.V. and Lisnyak, V.V.: Enthalpy of
mixing in liquid Al–Fe–Si alloys at 1750 K. Thermochimica Acta 408(2003):1–7.
[307] Du, Y.; Wang, J.; Ouyang, Y.F.; Zhang, L.J.; Yuan, Z.H.; Liu, S.H. and Nash, P.: An
approach to determine Enthalpies of formation for ternary Compounds. Journal of Mining
and Metallurgy - Section B: Metallurgy 46(2010):1–9.
[308] Amirkhanyan, Lilit; Weissbach, Torsten; Gruber, Thomas; Zienert, Tilo; Fabrichnaya,
Olga and Kortus, Jens: Thermodynamic investigation of the τ4-Al–Fe–Si intermetallic
ternary phase: A density-functional theory study. Journal of Alloys and Compounds
598(2014):137–141.
[309] Rivlin, V.G. and Raynor, G.V.: Critical evaluation of constitution of aluminium-iron-
silicon system. International Metals Reviews 3(1981):133–152.
[310] Raynor, G.V. and Rivlin, V.G.: Phase Equilibria in Iron Ternary Alloys, chapter Al-Fe-
Si, pages 122–139. The Institute of Metals, 1988.
[311] Ghosh, Gautham: Aluminium-Iron-Silicon, volume 5 of Ternary Alloys, pages 394–438.
VCH, 1992.
[312] Raghavan, V.: Al-Fe-Si (Aluminum-Iron-Silicon). Journal of Phase Equilibria and Dif-
fusion 30(2009):184–188.
[313] Anglezio, J.C.; Servant, C. and Ansara, I.: Contribution to the experimental and ther-
modynamic assessment of the Al-Ca-Fe-Si system—I. Al-Ca-Fe, Al-Ca-Si, Al-Fe-Si and
Ca-Fe-Si systems. Calphad 18(1994):273–309.
[314] Kolby, R.: COST 507 - System Al-Fe-Si, pages 319–321. European Communities, 1998.
[315] Liu, Zi-Kui and Chang, Y.: Thermodynamic assessment of the Al-Fe-Si system. Metal-
lurgical and Materials Transactions A 30(1999):1081–1095.
[316] Eleno, Luiz; Vezely, Josef; Sundman, Bo; Cieslar, Miroslav and Lacaze, Jaques: As-
sessment of the Al corner of the ternary Al-Fe-Si system. Materials Science Forum
649(2010):523–528.
[317] Zienert, Tilo and Fabrichnaya, Olga: Phase Relations in the A365 Alloy: Exper-
imental Study and Thermodynamic Calculations. Advanced Engineering Materials
15(2013):1244–1250.
[318] Pierre, D.; Peronnet, M.; Bosselet, F.; Viala, J. C. and Bouix, J.: Solid-liquid phase equi-
libria at 727 °C in the ternary system Fe-Mg-Si. Journal of Phase Equilibria 21(2000):78–
86.
[319] Lo¨ffler, Falk; Sauthoff, Herhard and Palm, Martin: Phase equilibria in the Fe-Mg-Si
system. International Journal of Materials Research 102(2011):1042–1047.
[320] Guichelaar, P. J.; Trojan, P. K.; McCluhan, T. and Flinn, R. A.: A new technique for
vapor pressure measurement applied to the Fe-Si-Mg system. Metallurgical and Materials
Transactions 2(1971):3305–3313.
161
Bibliography
[321] Zwicker, Ulrich: Reaktionen einiger Magnesiumlegierungen mit Gußeisenschmelzen.
Zeitschrift fu¨r Metallkunde 45(1954):31–35.
[322] Li, X.; Song, B. and Han, Q.: Thermodynamic properties of liquid Fe-Mg-Al and Fe-Mg-Si
dilute ternary solutions. Journal of Phase Equilibria 17(1996):21–23.
[323] Lacaze, Jacques and Sundman, Bo: An assessment of the Fe-C-Si system. Metallurgical
and Materials Transactions A 22(1991):2211–2223.
[324] Du, Y.; Zhao, J.R.; Zhang, C.; Chen, H.L. and Zhang, L.J.: Thermodynamic model-
ing of the Fe-Mg-Si system. Journal of Mining and Metallurgy - Section B: Metallurgy
43(2007):39–56.
[325] Perlitz, Harald and Westgren, A.: The Crystal Structure of Al8Si6Mg3Fe. Arkiv fo¨r Kemi,
Mineralogi och Geologi 15 B(1942):1–8.
[326] Simensen, Christian J. and Rolfsen, Trine-Lise: Production of pi-AlMgSiFe Crystals.
Zeitschrift fu¨r Metallkunde 88(1997):142–146.
[327] Krendelsberger, R.; Rogl, P.; Leithe-Jasper, A. and Simensen, C.J.: Refinement of the
crystal structure pi-Al9FeMg3Si5. Journal of Alloys and Compounds 264(1998):236–239.
[328] Foss, S.; Olsen, A.; Simensen, C.J. and Taftø, J.: Determination of the crystal structure of
the pi-AlFeMgSi phase using symmetry- and site-sensitive electron microscope techniques.
Acta Crystallographica B 59(2003):36–42.
[329] Cham, J.G.; Slackenerny, M.A. and Smith, B.S.: The Origin: A proximity-triggered model
for infering nano-informatic Structures. International Journal of Temporal Deflective
Behavior 4(2009):tinyurl.com/Cham2009.
[330] Gul’din, I.T. and Dokukina, N.V.: The Aluminium - Magnesium - Iron - Silicon System.
Zhurnal Neorganicheskoi Khimii 3(1958):799–814.
[331] Barlock, John G. and Mondolfo, Lucio F.: Structure of Some Aluminium-Iron-
Magnesium-Manganese-Silicon Alloys. Zeitschrift fu¨r Metallkunde 66(1975):605–611.
[332] Gustafsson, G.; Thorvaldsson, T. and Dunlop, G.: The influence of Fe and Cr on
the microstructure of cast Al-Si-Mg alloys. Metallurgical and Materials Transactions
A 17(1986):45–52.
[333] Kamo, Yuichi; Ueda, Mitsutoshi; Kawamura, Kenichi and Maruyama, Toshio: Solubility
of Fe in Al Rich Region of Al-Mg-Si System at 973 K. ISIJ International 52(2012):2083–
2092.
[334] Balitchev, Evgueni: Thermochemische und kinetische Modellierung zur
Legierungsauswahl mehrphasiger Systeme fu¨r das Thixoforming und zur Optimierung
ihrer Formgebungsprozesse. Ph.D. thesis, RWTH Aachen, 2004.
[335] Kriegel, Mario J.: Thermodynamic Investigations in the Ternary Al-Ti-Cr System. Ph.D.
thesis, TU Bergakademie Freiberg, 2014.
162
Bibliography
[336] Ho¨hne, G.W.H.; Hemminger, W.F. and Flammersheim, H.-J.: Differential Scanning
Calorimetry. Springer-Verlag Berlin Heidelberg New York, 2nd edition, 2003.
[337] Poessnecker, W.: Theorie der Wa¨rmeu¨berga¨nge bei DSC-Messungen. Journal of thermal
analysis 36(1990):1123–1139.
[338] Moriya, Yosuke and Navrotsky, Alexandra: High-temperature calorimetry of zirconia:
Heat capacity and thermodynamics of the monoclinic–tetragonal phase transition. The
Journal of Chemical Thermodynamics 38(2006):211–223.
[339] Benesˇ, Ondrˇej; Popa, Karin; Reuscher, Vivien; Zappia, Alessandro; Staicu, Dragos and
Konings, Rudy J.M.: High temperature heat capacity of PuPO4 monazite-analogue. Jour-
nal of Nuclear Materials 418(2011):182–185.
[340] Jacob, Susan and Schlesinger, Mark E.: Evaluation of the Accuracy and Reproducibility of
a High-Temperature Differential Scanning Calorimeter by Heat Capacity Measurements.
American Laboratory 38(2006):13–15.
[341] Gatta, Giuseppe della; Richardson, Michael J.; Sarge, Stefan M. and Stølen, Svein: Stan-
dards, calibration, and guidelines in microcalorimetry. Part 2. Calibration standards for
differential scanning calorimetry (IUPAC Technical Report). Pure and Applied Chemistry
78(2006):1455–1476.
[342] Andersson, J-O; Helander, Thomas; Ho¨glund, Lars; Shi, Pingfang and Sundman,
Bo: Thermo-Calc & DICTRA, computational tools for materials science. Calphad
26(2002):273–312.
[343] Sundman, Bo and Agren, John: A regular solution model for phases with several compo-
nents and sublattices, suitable for computer applications. Journal of Physics and Chem-
istry of Solids 42(1981):297–301.
[344] Redlich, Otto and Kister, A.T.: Algebraic Representation of Thermodynamic Properties
and the Classification of Solutions. Industrial & Engineering Chemistry 40(1948):345–
348.
[345] Hillert, Mats and Jarl, Magnus: A model for alloying in ferromagnetic metals. Calphad
2(1978):227–238.
[346] Inden, G.: The role of magnetism in the calculation of phase diagrams. Physica B
103(1981):82–100.
[347] Lukas, H.L.; Fries, S.G. and Sundman, B.: Computational Thermodynamics - The Cal-
phad Method. Cambridge University Press, 2007.
[348] Ansara, Ibrahim; Dupin, Nathalie; Lukas, Hans Leo and Sundman, Bo: Thermodynamic
assessment of the Al-Ni system. Journal of Alloys and Compounds 247(1997):20–30.
[349] Dupin, N. and Ansara, I.: On the Sublattice Formalism Applied to the B2 Phase.
Zeitschrift fu¨r Metallkunde 90(1999):76–85.
163
Bibliography
[350] Wern, Harald: Single Crystal Elastic Constants and Calculated Bulk Properties - A Hand-
book. ISBN 3-8325-0533-4. Logos Verlag Berlin, 2004.
[351] Urvas, A.O.; Losee, D.L. and Simmons, R.O.: The compressibility of krypton, argon, and
other noble gas solids. Journal of Physics and Chemistry of Solids 28(1967):2269 – 2281.
[352] Raju, S.; Sivasubramanian, K and Mohandas, E.: On the thermodynamic interrelation-
ship between enthalpy, volume thermal expansion and bulk modulus. Scripta Materialia
44(2001):269–274.
[353] Raju, S.; Sivasubramanian, K. and Mohandas, E.: An integrated thermodynamic approach
towards correlating thermal and elastic properties: development of some simple scaling
relations. Solid State Communications 124(2002):151–156.
[354] Furukawa, George T.; Saba, William G. and Reilly, Martin L.: Critical Analysis of the
Heat-Capacity Data of the Literature and Evaluation of Thermodynamic Properties of
Copper, Silver, and Gold from 0 to 300◦K. National Standard Reference Data Series -
National Bureau of Standards 18(1968).
[355] Guillermet, A. Ferna´ndez and Grimvall, G.: Homology of interatomic forces and Debye
temperatures in transition metals. Physical Review B 40(1989):1521–1527.
[356] Lejaeghere, K.; Van Speybroeck, V.; Van Oost, G. and Cottenier, S.: Error Estimates
for Solid-State Density-Functional Theory Predictions: An Overview by Means of the
Ground-State Elemental Crystals. Critical Reviews in Solid State and Materials Sciences
39(2014):1–24.
[357] Garai, Jozsef: The physical process of melting and freezing. Solid State Communications
150(2010):1710–1714.
[358] Simmons, R.O. and Balluffi, R.W.: Measurement of the Equilibrium Concentration of
Lattice Vacancies in Silver near the Melting Point. Physical Review 119(1960):600–605.
[359] Nix, F.C. and MacNair, D.: The Thermal Expansion of Pure Metals. II: Molybde-
num, Palladium, Silver, Tantalum, Tungsten, Platinum, and Lead. Physical Review
61(1942):74–78.
[360] Kirby, Richard K.; Hahn, Thomas A. and Rothrock, Bruce D.: American Institute of
Physics Handbook - 4f. Thermal Expansion. McGraw-Hill Book Company, 3 edition,
1972.
[361] Hume-Rothery, William and Reynolds, Peter William: A High-Temperature Debye-
Scherrer Camera, and Its Application to the Study of the Lattice Spacing of Silver. Pro-
ceedings of the Royal Society of London A: Mathematical, Physical and Engineering
Sciences 167(1938):25–34.
[362] Spreadborough, J. and Christian, J.W.: High-temperature X-ray diffractometer. Journal
of Scientific Instruments 36(1959):116–118.
164
Bibliography
[363] Furukawa, George T.; Douglas, Thomas B. and Pearlman, Norman: American Institute
of Physics Handbook - 4e. Heat Capacities. McGraw-Hill Book Company, 3 edition, 1972.
[364] White, G.K. and Collocott, S.J.: Heat Capacity of Reference Materials: Cu and W.
Journal of Physical and Chemical Reference Data 13(1984):1251–1257.
[365] Flubacher, P.; Leadbetter, A.J. and Morrison, J.A.: A Low Temperature Adiabatic
Calorimeter for Condensed Substances. Thermodynamic Properties of Argon. Proceedings
of the Physical Society 78(1961):1449–1461.
[366] Peterson, O.G.; Batchelder, D.N. and Simmons, R.O.: Measurements of X-Ray Lattice
Constant, Thermal Expansivity, and Isothermal Compressibility of Argon Crystals. Phys-
ical Review 150(1966):703–711.
[367] Swenson, C.A.: HIP beryllium: Thermal expansivity from 4 to 300 K and heat capacity
from 1 to 108 K. Journal of Applied Physics 70(1991):3046–3051.
[368] Luo, Fen; Cai, Ling-Cang; Chen, Xiang-Rong; Jing, Fu-Qian and Alfe`, Dario: Ab initio
calculation of lattice dynamics and thermodynamic properties of beryllium. Journal of
Applied Physics 111(2012):053503.
[369] Clerc, Daryl G. and Ledbetter, Hassel: Second-order and third-order elastic properties of
diamond: An ab initio study. Journal of Physics and Chemistry of Solids 66(2005):1589–
1597.
[370] McSkimin, H.J. and Andreatch, P.: Elastic Moduli of Diamond as a Function of Pressure
and Temperature. Journal of Applied Physics 43(1972):2944–2948.
[371] Zhi-Jian, Fu; Guang-Fu, Ji; Xiang-Rong, Chen and Qing-Quan, Gou: First-Principle
Calculations for Elastic and Thermodynamic Properties of Diamond. Communications
in Theoretical Physics 51(2009):1129.
[372] Craig, R.S.; Krier, C.A.; Coffer, L.W.; Bates, E.A. and Wallace, W.E.: Magnesium-
Cadmium Alloys. VI. Heat Capacities between 12 and 320◦K. and the Entropies at 25◦ of
Magnesium and Cadmium. Journal of the American Chemical Society 76(1954):238–240.
[373] Griffel, M.; Skochdopole, R.E. and Spedding, F.H.: The Heat Capacity of Gadolinium
from 15 to 355◦K. Physical Review 93(1954):657–661.
[374] Schouten, D.R. and Swenson, C.A.: Linear-thermal-expansion measurements on potas-
sium metal from 2 to 320 K. Physical Review B 10(1974):2175–2185.
[375] Figgins, B.F. and Smith, B.L.: Density and expansivity of solid krypton. Philosophical
Magazine 5(1960):186–188.
[376] Zhang, Panpan; Ma, Zengsheng; Wang, Yan; Zou, Youlan; Lei, Weixin; Pan, Yong and
Lu, Chunsheng: A first principles study of the mechanical properties of Li-Sn alloys. RSC
Advances 5(2015):36022–36029.
165
Bibliography
[377] Feder, R.: Equilibrium Defect Concentration in Crystalline Lithium. Physical Review B
2(1970):828–834.
[378] Clusius, Klaus and Franzosini, Paolo: Ergebnisse der Tieftemperaturforschung XXIII.
Atom- und Elektronenwa¨rmen des Molybda¨ns und Wolframs zwischen 10 °K und 273 °K.
Zeitschrift fu¨r Naturforschung A 14(1959):99–105.
[379] Berg, W.T.: The low temperature heat capacity of platinum. Journal of Physics and
Chemistry of Solids 30(1969):69–72.
[380] Yokokawa, Harumi and Takahashi, Yoichi: Laser-flash calorimetry II. Heat capacity of
platinum from 80 to 1000 K and its revised thermodynamic functions. The Journal of
Chemical Thermodynamics 11(1979):411 – 420.
[381] Desai, P.D.: Thermodynamic Properties of Iron and Silicon. Journal of Physical and
Chemical Reference Data 15(1986):967–983.
[382] Sterrett, K.F. and Wallace, W.E.: Heat Capacities, Entropies and Enthalpies of Tantalum
between 12 and 550°K. Journal of the American Chemical Society 80(1958):3176–3177.
[383] Kothen, Charles W. and Johnston, Herrick L.: Low Temperature Heat Capacities of
Inorganic Solids. XVII. Heat Capacity of Titanium from 15 to 305°K. Journal of the
American Chemical Society 75(1953):3101–3102.
[384] Hicks, J.F.G.: A Low Temperature Calorimeter. The Heat Capacity and Entropy of Thal-
lium from 14 to 300°K. Low Temperature Studies. No. 3. Journal of the American Chem-
ical Society 60(1938):1000–1004.
[385] Anderson, C. Travis: The Heat Capacities of Vanadium, Vanadium Trioxide, Vanadium
Tetroxide and Vanadium Pentoxide at Low Temperatures. Journal of the American Chem-
ical Society 58(1936):564–566.
[386] Sears, D. Richard and Klug, Harold P.: Density and Expansivity of Solid Xenon. The
Journal of Chemical Physics 37(1962):3002–3006.
[387] Wu, Jing; Chong, XiaoYu; Jiang, YeHua and Feng, Jing: Stability, electronic structure,
mechanical and thermodynamic properties of Fe-Si binary compounds. Journal of Alloys
and Compounds 693(2017):859 – 870.
[388] Sudakova, N.P.; Kalishevich, G.I. and Krentsis, R.P.: Thermal properties of the η-phase
of the system Fe-Si. Inorganic materials 12(1976):306–308.
[389] Acker, J.; Bohmhammel, K.; van den Berg, G.J.K.; van Miltenburg, J.C. and Kloc, Ch.:
Thermodynamic properties of iron silicides FeSi and α-FeSi2. The Journal of Chemical
Thermodynamics 31(1999):1523–1536.
[390] Petrova, A.E.; Krasnorussky, V.N. and Stishov, S.M.: Elastic properties of FeSi. Journal
of Experimental and Theoretical Physics 111(2010):427–430.
166
Bibliography
[391] Vocˇadlo, L.; Knight, K.S.; Price, G.D. and Wood, I.G.: Thermal expansion and crystal
structure of FeSi between 4 and 1173 K determined by time-of-flight neutron powder
diffraction. Physics and Chemistry of Minerals 29(2002):132–139.
[392] Tani, Jun-ichi; Takahashi, Masanari and Kido, Hiroyasu: First-principles calculations
of the structural and elastic properties of β-FeSi2 at high-pressure. Intermetallics
18(2010):1222–1227.
[393] Alam, Sher; Nagai, T. and Matsui, Y.: Heat capacity study of β-FeSi2 single crystals.
Physics Letters A 353(2006):516–518.
[394] Fu, Hongzhi; Zhao, Zhiguo; Liu, WenFang; Peng, Feng; Gao, Tao and Cheng, Xinlu: Ab
initio calculations of elastic constants and thermodynamic properties of γTiAl under high
pressures. Intermetallics 18(2010):761–766.
[395] Kirkham, A.J. and Yates, B.: The low-temperature specific heats and related thermody-
namic properties of sodium fluoride and caesium bromide. Journal of Physics C: Solid
State Physics 1(1968):1162–1170.
[396] Sorai, Michio; Suga, Hiroshi and Seki, Syuˆzoˆ: Thermal Properties of Alkali Halide Crys-
tals with the CsCl-type Structure. I. Construction of a Calorimeter for the Temperature
Region 1-20°K and Heat Capacities of Caesium Bromide and Caesium Iodide between 1.5
and 300°K. Bulletin of the Chemical Society of Japan 41(1968):312–321.
[397] Clusius, Klaus; Goldmann, Jochen and Perlick, Albert: Ergebnisse der Tieftemperatur-
forschung VII. Die Molwa¨rmen der Alkalihalogenide LiF, NaCl, KCl, KBr, KI, RbBr und
RbI von 10°bis 273°abs. Zeitschrift fu¨r Naturforschung A 4(1949):424–432.
[398] Westrum, Edgar F. and Pitzer, Kenneth S.: Thermodynamics of the System KHF2-
KF-HF, Including Heat Capacities and Entropies of KHF2 and KF. The Nature of the
Hydrogen Bond in KHF2. Journal of the American Chemical Society 71(1949):1940–1949.
[399] Clusius, Klaus and Eichenhauer, Walter: Ergebnisse der Tieftemperaturforschung XVII.
T3- und Pseudo-T3-Gebiet beim Lithiumflourid. Zeitschrift fu¨r Naturforschung A
11(1956):715–718.
[400] Todd, S.S.: Heat Capacities at Low Temperatures and Entropies of Magnesium and Cal-
cium Fluorides. Journal of the American Chemical Society 71(1949):4115–4116.
[401] Burkhardt, U.; Grin, Yu.; Ellner, M. and Peters, K.: Structure Refinement of the Iron-
Aluminium Phase with the Approximate Composition Fe2Al5. Acta Crystallographica
Section B 50(1994):313–316.
[402] Stein, F.; Vogel, S.C.; Eumann, M. and Palm, M.: Determination of the crystal structure
of the ε phase in the Fe–Al system by high-temperature neutron diffraction. Intermetallics
18(2010):150–156.
[403] Vogel, Sven C.; Stein, Frank and Palm, Martin: Investigation of the  phase in the Fe-Al
system by high-temperature neutron diffraction. Applied Physics A 99(2010):607–611.
167
Bibliography
[404] Amirkhanyan, L. and Kortus, J.: A density-functional theory study of -Fe5Al8, Septem-
ber 2016. Private communication.
[405] Gueneau, C.; Servant, C.; d’Yvoire, F. and Rodier, N.: FeAl3Si2. Acta Crystallographica
Section C 51(1995):177–179.
[406] Arblaster, J.W.: The Thermodynamic Properties of Platinum. Platinum Metals Review
49(2005):141–149.
[407] Chumak, Ihor; Richter, Klaus W. and Ehrenberg, Helmut: Redetermination of iron dia-
luminide, FeAl2. Acta Crystallographica Section C 66(2010):i87–i88.
[408] Grin, J.; Burkhardt, U. and Ellner, M.: Refinement of the Fe4Al13 structure and its rela-
tionship to the quasihomological homeotypical structures. Zeitschrift fu¨r Kristallographie
209(1994):479–487.
[409] Jones, Eric; Oliphant, Travis; Peterson, Pearu et al.: SciPy: Open source scientific tools
for Python, 2001–. [Online; accessed 2017-02-16].
[410] Corby, R.N. and Black, P.J.: The structure of FeAl2 by anomalous dispersion methods.
Acta Crystallographica Section B 29(1973):2669–2677.
[411] Schubert, Konrad; Ro¨sler, Ulrich; Kluge, Manfred; Anderko, Kurt and Ha¨rle, Ludwig:
Kristallographische Ergebnisse an Phasen mit Durchdringungsbildung. Die Naturwis-
senschaften 40(1953):437.
[412] Schubert, K. and Kluge, M.: U¨ber den Bindungszustand bei Fe2Al5 und MnAl6. Zeitschrift
fu¨r Naturforschung A 8(1953):755–756.
[413] Ellner, M. and Mayer, J.: X-ray and electron diffraction investigations on the liquid-
quenched Fe2Al5. Scripta Metallurgica et Materialia 26(1992):501–504.
[414] Becker, Hanka and Leineweber, Andreas: Atomic channel occupation in disordered η-
Al5Fe2 and in two of its low-temperatures phases, η” and η”’. Intermetallics (2017). (in
press).
[415] Black, P.J.: The structure of FeAl3. Acta Crystallographica 8(1955):43–48.
[416] Gourdon, Olivier; Gout, Delphine; Williams, Darrick J.; Proffen, Thomas; Hobbs, Sara
and Miller, Gordon J.: Atomic Distributions in the γ-Brass Structure of the Cu-Zn Sys-
tem: A Structural and Theoretical Study. Inorganic Chemistry 46(2007):251–260.
[417] Heidenstam, Olov v.; Johansson, Anders and Westman, Sven: A Redetermination of the
Distribution of Atoms in Cu5Zn8, Cu5Cd8, and Cu9Al4. Acta Chemica Scandinavica
22(1968):653–661.
[418] Kowalski, M. and Spencer, P.J.: Thermodynamic reevaluation of the Cu-Zn system. Jour-
nal of Phase Equilibria 14(1993):432–438.
168
Bibliography
[419] Ettwig, Hans Heinrich and Pepperhoff, Werner: Ordnungsumwandlungen in krz. Eisen-
Silizium-Legierungen III. Spezifische Wa¨rme. Zeitschrift fu¨r Metallkunde 63(1972):453–
456.
[420] Schlatte, G.: Eine Erga¨nzung zum Zustandsschaubild des Systems Fe-Si im eisenreichen
Gebiet. physica status solidi (a) 23(1974):K91–K92.
[421] Gulliver, G.H.: The quantitative Effect of rapid Cooling upon the Constitution of binary
Alloys. Journal of the Institute of Metals 9(1913):120–157.
[422] Scheil, Erich: Bemerkungen zur Schichtkristallbildung. Zeitschrift fu¨r Metallkunde
34(1942):70–72.
[423] Rømming, C.; Hansen, V. and Gjønnes, J.: Crystal structure of β-Al4.5FeSi. Acta
Crystallographica Section B 50(1994):307–312.
169
